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Introduction


The oligosaccharide portions of glycoconjugates are involved
in various biological events, including cell adhesion, signal
transduction, fertilization, protein trafficking, immune re-
sponses, malignant transformation, cell differentiation, and
infection.[1] They also play important roles in protein stabili-
zation, quality control, and degradation.[2] While the structure
diversity of these molecules is extremely high, their avail-
ability from natural sources is limited, in terms of both
quantity and variation. In order to pursue the detailed analysis
of their functions, it is necessary to establish a methodology
for synthesizing them.[3]


However, the preparation of oligosaccharides is quite often
a labor-intensive task. To achieve it, multistep transformations
including repetition of O-glycosylation and partial deprotec-
tion are required. Each sugar residue must be carefully
designed so that positionally selective deprotection as well as
stereoselective glycoside bond formation can be achieved.
The preparation of such ™tailor-made∫ building blocks from


™raw∫ sugar needs a number of steps. Throughout the whole
process, product isolation is usually achieved by chromato-
graphic purification, which is very time consuming. This is
particularly true whenever the glycosylation proceeds in low
yield and a small amount of the glycosylated product must be
separated from much larger amounts of unreacted acceptor
and side product(s). In such cases, a large excess of glycosyl
donor might be used to drive the reaction to completion,
although the desired product inevitably becomes the minor
component in the whole mixture. Since no all-encompassing
method has been developed so far,[4] the identification of
optimum glycosylation conditions requires extensive screen-
ing, which necessitates chromatographic separation after each
trial. Any device that can remove the need for chromato-
graphic separation would be highly useful in speeding up
oligosaccharide synthesis.


Laboratory-scale preparation of oligopeptides[5] and oligo-
nucleotides[6] can be readily conducted by an automated
synthesizer. In these cases, polymer-support synthesis is
adopted as the key technology. The advantage of polymer-
support synthesis mainly stems from the ease of work-up of
reactions. A large excess of reagents and/or coupling partners
can be used to drive the reaction to completion, without
complicating the product isolation. Due to the growing
demand for glycoconjugate-derived oligosaccharides and
their analogues as biochemical probes, polymer-support
oligosaccharide synthesis is attracting a lot of attention.[7]


However, in order for polymer-support technology to be
generally used, several important issues remain to be ad-
dressed. Firstly, substrates bound to polymers have an
attenuated reactivity for entropic as well as steric reasons.
This tends to be a serious concern, because O-glycosylation is
generally less efficient than peptide-bond-forming reactions,
and the result is often unpredictable even under conventional
solution-phase conditions. Secondly, facile and sensitive
methods for monitoring the progress of oligosaccharide-
forming reactions on polymer supports are yet to be
established. For peptide synthesis, detection of the residual
amino group by ninhydrin test usually suffices. In contrast, in
the case of oligosaccharide synthesis, estimation of coupling
yields requires quantification of the hydroxy groups,[8] which
is far more difficult. Recognizing this, several sophisticated
approaches for observing the progress of the reaction, by
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using solid phase MAS 1H NMR,[9] gated decoupling
13C NMR,[10] and 19F NMR,[11] have been investigated with
substantial success. Alternatively, the use of photolabile
linkers, allows facile post-cleavage analysis by MS and/or
HPLC, proved to be useful.[12] However, any of these methods
does not seem to be satisfactory for real-time monitoring.


Tag-Reporter Strategy


Besides solid-phase synthesis technology, tag-assisted solu-
tion-phase synthesis of oligosaccharide has been shown to be
quite promising. For instance, Hindsgaul et al. demonstrated
that hydrophobic tags are useful for facile separation of
products after enzymatic glycosylation[13] or construction of
glycoside libraries by chemical means.[14] On passing through a
reverse-phase (C18) cartridge, only oligosaccharides carrying
hydrophobic tags are adsorbed. Subsequent washing with
more hydrophobic solvent can retrieve them. Pozgay exploit-
ed lipophilic acyl-type protecting groups for the impressively
facile synthesis of tetracosasaccharides.[15] Furthermore, oli-
gosaccharide synthesis with soluble polymers has been inves-
tigated with substantial success.[16] In the latter case, however,
room clearly remains for further improvements, particularly
in terms of reaction monitoring.


Considering these circumstances together, our effort has
been expended to develop a new method for real-time
monitoring of the critical steps in polymer-supported oligo-
saccharide synthesis, namely chain elongation and chemo-
selective deprotection. The overview of the strategy, which is
called ™tag-reporter strategy∫ is depicted in Scheme 1.[17] Its
key feature is the use of a low-molecular-weight poly(ethylene
glycol) (LWPEG) supported acceptor (1) in combination with
a glycosyl donor (2) carrying a monochloroacetyl (CAc)
group for temporary OH protection. It allows sensitive
monitoring of both the glycosylation and partial deprotection
steps.


Chan et al. first reported the use of LWPEG as a support in
oligosaccharide synthesis.[18] The facile product isolation takes
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Scheme 1. Real-time monitoring: tag-reporter strategy.


advantage of the polar nature of LWPEG. Namely, the
separation of supported material from the reaction mixture
can be achieved by simple silica gel column chromatography.
After initial elution with ethyl acetate (to wash out excess
donor and all the side products), LWPEG-supported (tagged)
material can be retrieved by elution with a more polar solvent,
that is, methanol in ethyl acetate.


It was noticed that LWPEG has another important property
that is useful as a ™reporter∫; it enables the real-time
monitoring of glycosylation byMALDI-TOFMS. The spectra
of LWPEG-bound materials have characteristic mountain-
like shapes, because of the statistical distribution of the PEG
chain length, which consists of about 8 ± 20 ethylene glycol
units. After successful coupling, the ™mountain∫ migrates to
the higher-molecular-weight region; this indicates the con-
version of 1 to the coupled product 3 (Figure 1).


Figure 1. Monitoring the glycosylation 1 � 2�3 by MALDI-TOF MS.


The judicious choice of OH protecting groups is critical for
any oligosaccharide synthesis to be successful. Temporary
protecting groups are required that can be removed without
affecting other functional groups, but that are stable under
various glycosylation conditions. For the purpose of monitor-
ing, additional requirements must be met; the protecting
group×s presence (or absence) should be detectable with high
specificity and precision. CAc was selected to fulfill these
multiple demands. For the real-time monitoring of CAc
deprotection, a color test reported by Riguera[19] came to our
attention. It was originally developed for the detection of
alcohols and consists of three step operations; 1) conversion
to tosylate, 2) treatment with p-nitrobenzylpyridine (PNBP),
and 3) deprotonation of the pyridinium salt with piperidine.
We expected that the CAc group would be detectable by
PNBP/piperidine treatment, which generates the strongly
colored zwitterionic salt 4 (Scheme 2).
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Scheme 2. Monitoring deprotection of chloroacetyl group by color test.
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The feasibility of the strategy was tested as depicted
in Scheme 3. The synthesis of the tetrasaccharide was
conducted starting from the LWPEG-bound monosaccharide
5. Since earlier investigations had revealed that conven-
tional Wang resin-type linkers had limited stability, a novel
nitro-modified linker was developed.[20] It proved to be stable
under a variety of Lewis acidic O-glycosylation conditions
and could be cleaved chemoselectively by reductive cyclo-
release.


Chain elongation was performed with fluoride 6 (3equiv)
(in the presence of Cp2HfCl2-AgOTf[21] and CH2Cl2). As
shown in Figure 2, the progress of the reaction was clearly
monitored by MALDI-TOF MS. Complete consumption of
the acceptor as well as nearly quantitative formation of the
disaccharide 7 was observed as the ™migration of the
mountain∫. Concomitantly, a signal that emerged at m/z�
1140 (asterisked) may well indicate the formation of the
trehalose-like dimer 8 as a major side product. Clean


formation of disaccharide 7 was also confirmed by 1H NMR
spectroscopy, from which the coupling yield was estimated to
be �98%.


Removal of the CAc group to give 9 was achieved by
treatment with aqueous pyridine (pH 8 ± 9) containing 4-di-
methylaminopyridine (DMAP). The reaction was monitored
by a TLC color test, which was carried out according to
Riguera×s protocol (Figure 3). Color density was quantified by
the NIH Image program[22] with the aid of a scanner devise.
After 6 h, nearly complete disappearance of the color was
observed, and deprotection was judged to be complete.
Quantitative deprotection was supported by the 1H NMR
spectra of the resultant 9, which revealed the complete
disappearance of the low-field H4 signal that originally
appeared at �� 5.25.


Disaccharide 9 was subjected to further cycles of coupling ±
dechloroacetylation, which were again monitored by MAL-
DI-TOF MS and the color test, to afford tetrasaccharide 10
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Figure 3. Monitoring dechloroacetylation by color test. a) Color test on a
silica gel TLC plate after 0 h, 0.5 h, 3 h, 3.5 h, and 6 h (from left to right).
b) Spot intensities were quantified by NIH image 1.62.


(Scheme 3). Liberation of the tetrasaccharide was performed
under reductive cyclorelease conditions. Thus, treatment with
Sn(SPh)2, PhSH, and Et3N smoothly afforded cyclic hydrox-
amate 11, presumably via a hydroxylamine. In spite of its p-
alkoxybenzyl-like structure, the hydroxamate moiety was
unexpectedly resistant to oxidative (2,3-dichloro-5,6-dicyano-
1,4-benzoquinone–DDQ, cerium(��) ammonium nitrate–
CAN) as well as hydrogenolytic (H2, Pd/C) conditions.
Fortunately, its removal could be achieved under mild acidic
conditions (CSA/MeOH, 45 �C) to give 12 (59% overall yield
from 5).


Solid-Phase Capture ±
Release Strategy


Even if all reactions can be
monitored, the success of pol-
ymer-support synthesis still
relies on the presumption that
coupling reactions can be
driven to completion. Other-
wise, repeated failure to at-
tain a high degree of conver-
sion results in the accumula-
tion of side products, which
make the isolation of correct-
ly assembled products diffi-
cult. Especially when the re-
action site is sterically hin-
dered, it is quite common that
a substantial portion of the
acceptor remains unreacted,
even if excess donor is
used.[23]


It was inferred that the
solution to this problem can
be found by using additional
tagging. For facile peptide
synthesis, an affinity purifica-
tion protocol was developed
by Ramage et al.[24] Namely,
by terminating the solid-
phase synthesis with a tetra-
benzofluorenyl-17-methoxy-
carbonyl (Tbfmoc) capped N-
terminal residue, product iso-


lation was achieved in a greatly simplified manner with
graphatized carbon. Raines developed a dual affinity fusion
system that enables facile isolation of expressed protein by
using a polyhistidine tag in combination with an S peptide
derived from RNase A.[25] The success of these approaches
stems from the use of two independent tags.


Inspired by these works, a refined version of the LWPEG-
supported oligosaccharide synthesis strategy was designed
(Scheme 4),[26] based on the resin capture ± release concept.[27]


It employed a PEG-tagged glycosyl acceptor (A1) in combi-
nation with a CAc-carrying donor (B), as described before.
After coupling and removal of excess donor, the PEG-tagged
component consists of a coupled product C, together
with unreacted A1 if the reaction is not complete. In order
to discriminate between C and A1, the specific reactivity
of the CAc group was used. For this purpose, resin-bound
cysteine (D) was employed. It has a strongly nucleophilic
thiol, which captures CAc-carrying molecules in the solid
phase. Liberation into solution-phase can be effected by
removal of the Fmoc group. The exposed amine cyclizes
spontaneously to release disaccharide A2, which has a free
OH and can be used for the next coupling. Repetition of
this cycle (glycosylation ± capture ± release) provides the tar-
get oligosaccharide (An), with a minimum need for purifica-
tion.


Figure 2. Monitoring the glycosylation 5 � 6�7 by MALDI-TOF MS.
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As a test case, a lactosamine repetition sequence was
selected as a target. It is well known that polylactosamine
[(Gal�1�4GlcNAc�1�3)n] is an important structure motif
of both glycoproteins[22] and glycospingolipids.[22]


To start with, monosaccharide 13, which has a nitro carrying
safety catch linker, was prepared. Thioglycoside 14 was
employed as a galactosyl donor, which was activated by
dimethyl(methylthio)sulfonium triflate (DMTST)[30] in
CH2Cl2 (Scheme 5). In order to critically evaluate the efficacy
of the capture ± release, the reaction was performed with a
substoichiometric amount (0.9 equiv) of 14. 1H NMR as well
as MALDI-TOF MS analyses of the crude product 15
revealed contamination by about 30% of unreacted acceptor
13 (Figure 4). Compound 15 was then captured with resin-
supported cysteine and released by treatment with 4-(amino-
methyl)piperidine to give 17, presumably via 16. As shown in
Figure 4, acceptor 13 was completely removed. The quality of
17 can be compared with chromatographically purified
disaccharide 18, which was obtained by cleavage with Zn-
Cu, Ac2O and DDQ (86% overall).


Further chain elongation to give a tetrasaccharide was
performed by repetition of glycosylation capture ± release
with 19 and 14 as glycosyl donors. The resultant 20 was
cleaved in threes steps to give 21 (Scheme 6).


In principle, the solid-phase capture ± release strategy
avoids contamination of any deletion product, irrespective
of the efficiency of the coupling reactions. Since the capturing
site is three atoms away from the hexopyranoside ring carbon,
this process is likely to be insensitive to steric hindrance.


Other approaches that share a similar advantage have
emerged. For instance, Fukase and Kusumoto reported a
clever approach[31] that utilizes 4-azido-3-chlorobenzyl[32] as
protecting group. In their ™catch and release∫ purification
approach, resin-supported phosphine was used. The product,
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carrying a 4-azido-3-chlorobenzyl group, (22) was caught by a
resin and released by treatment with DDQ (Scheme 7).


More recently, Seeberger reported a ™cap ± tag∫ approach
for the facile isolation of oligosaccharides synthesized by
solid-phase automated synthesis by using glycosyl phosphate
23 as a donor (Scheme 8).[33] In this case, unreacted acceptors
were capped as either 2-azido-2-methyl propionate (24A) or
perfluorinated silyl ether (24F). After completion of the chain
elongation and cleavage from resin, any deletion products
have these tags and can be removed either by scavenger resin
(for 24A) or perfluorinated reverse phase cartridge (for 24F)
to afford oligosaccharide 25 in a highly purified form.


Inazu et al. reported their own approach on the ™fluorous∫
synthesis of oligosaccharide by using Bfp (bisfluorous chain
type propanoyl) as a protecting group.[34] The advantages of
Bfp are easy purification by simple extraction by fluorous-
organic solvent and characterization of the products by NMR,
MS, and TLC.


Another interesting approach was developed by Fukase
et al. , in which the affinity purification method plays the key
role. It is based on molecular recognition between the resin-
bound bis(2,6-diamnopyridine)amide of isophthalic acid 26
and the barbituric acid derivatives 27,[35] and was originally
developed by Chang and Hamilton (Scheme 9).[36]


Stereochemical control is, of course, a fundamental prob-
lem in oligosaccharide synthesis, and is most serious in the
case of polymer-support synthesis. It must be admitted
that none of the strategies discussed in this account addresses
this important issue. Oligosaccharides that solely consist of
1,2-trans glycosidic linkages were selected as an initial


Figure 4. 1H NMR spectra of a) crude 15, b) 17 after capture ± release,
c) acceptor 13, and d) purified disaccharide 18.
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target in order to avoid any
stereochemical ambiguity. Con-
tinuous efforts to broaden the
understanding of the factors
that govern the stereochemistry
of O-glycosylation would ex-
pand the generality of poly-
mer-support oligosaccharide
synthesis.
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Introduction


The oligosaccharide portions of glycoconjugates are involved
in various biological events, including cell adhesion, signal
transduction, fertilization, protein trafficking, immune re-
sponses, malignant transformation, cell differentiation, and
infection.[1] They also play important roles in protein stabili-
zation, quality control, and degradation.[2] While the structure
diversity of these molecules is extremely high, their avail-
ability from natural sources is limited, in terms of both
quantity and variation. In order to pursue the detailed analysis
of their functions, it is necessary to establish a methodology
for synthesizing them.[3]


However, the preparation of oligosaccharides is quite often
a labor-intensive task. To achieve it, multistep transformations
including repetition of O-glycosylation and partial deprotec-
tion are required. Each sugar residue must be carefully
designed so that positionally selective deprotection as well as
stereoselective glycoside bond formation can be achieved.
The preparation of such ™tailor-made∫ building blocks from


™raw∫ sugar needs a number of steps. Throughout the whole
process, product isolation is usually achieved by chromato-
graphic purification, which is very time consuming. This is
particularly true whenever the glycosylation proceeds in low
yield and a small amount of the glycosylated product must be
separated from much larger amounts of unreacted acceptor
and side product(s). In such cases, a large excess of glycosyl
donor might be used to drive the reaction to completion,
although the desired product inevitably becomes the minor
component in the whole mixture. Since no all-encompassing
method has been developed so far,[4] the identification of
optimum glycosylation conditions requires extensive screen-
ing, which necessitates chromatographic separation after each
trial. Any device that can remove the need for chromato-
graphic separation would be highly useful in speeding up
oligosaccharide synthesis.


Laboratory-scale preparation of oligopeptides[5] and oligo-
nucleotides[6] can be readily conducted by an automated
synthesizer. In these cases, polymer-support synthesis is
adopted as the key technology. The advantage of polymer-
support synthesis mainly stems from the ease of work-up of
reactions. A large excess of reagents and/or coupling partners
can be used to drive the reaction to completion, without
complicating the product isolation. Due to the growing
demand for glycoconjugate-derived oligosaccharides and
their analogues as biochemical probes, polymer-support
oligosaccharide synthesis is attracting a lot of attention.[7]


However, in order for polymer-support technology to be
generally used, several important issues remain to be ad-
dressed. Firstly, substrates bound to polymers have an
attenuated reactivity for entropic as well as steric reasons.
This tends to be a serious concern, because O-glycosylation is
generally less efficient than peptide-bond-forming reactions,
and the result is often unpredictable even under conventional
solution-phase conditions. Secondly, facile and sensitive
methods for monitoring the progress of oligosaccharide-
forming reactions on polymer supports are yet to be
established. For peptide synthesis, detection of the residual
amino group by ninhydrin test usually suffices. In contrast, in
the case of oligosaccharide synthesis, estimation of coupling
yields requires quantification of the hydroxy groups,[8] which
is far more difficult. Recognizing this, several sophisticated
approaches for observing the progress of the reaction, by
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using solid phase MAS 1H NMR,[9] gated decoupling
13C NMR,[10] and 19F NMR,[11] have been investigated with
substantial success. Alternatively, the use of photolabile
linkers, allows facile post-cleavage analysis by MS and/or
HPLC, proved to be useful.[12] However, any of these methods
does not seem to be satisfactory for real-time monitoring.


Tag-Reporter Strategy


Besides solid-phase synthesis technology, tag-assisted solu-
tion-phase synthesis of oligosaccharide has been shown to be
quite promising. For instance, Hindsgaul et al. demonstrated
that hydrophobic tags are useful for facile separation of
products after enzymatic glycosylation[13] or construction of
glycoside libraries by chemical means.[14] On passing through a
reverse-phase (C18) cartridge, only oligosaccharides carrying
hydrophobic tags are adsorbed. Subsequent washing with
more hydrophobic solvent can retrieve them. Pozgay exploit-
ed lipophilic acyl-type protecting groups for the impressively
facile synthesis of tetracosasaccharides.[15] Furthermore, oli-
gosaccharide synthesis with soluble polymers has been inves-
tigated with substantial success.[16] In the latter case, however,
room clearly remains for further improvements, particularly
in terms of reaction monitoring.


Considering these circumstances together, our effort has
been expended to develop a new method for real-time
monitoring of the critical steps in polymer-supported oligo-
saccharide synthesis, namely chain elongation and chemo-
selective deprotection. The overview of the strategy, which is
called ™tag-reporter strategy∫ is depicted in Scheme 1.[17] Its
key feature is the use of a low-molecular-weight poly(ethylene
glycol) (LWPEG) supported acceptor (1) in combination with
a glycosyl donor (2) carrying a monochloroacetyl (CAc)
group for temporary OH protection. It allows sensitive
monitoring of both the glycosylation and partial deprotection
steps.


Chan et al. first reported the use of LWPEG as a support in
oligosaccharide synthesis.[18] The facile product isolation takes
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Scheme 1. Real-time monitoring: tag-reporter strategy.


advantage of the polar nature of LWPEG. Namely, the
separation of supported material from the reaction mixture
can be achieved by simple silica gel column chromatography.
After initial elution with ethyl acetate (to wash out excess
donor and all the side products), LWPEG-supported (tagged)
material can be retrieved by elution with a more polar solvent,
that is, methanol in ethyl acetate.


It was noticed that LWPEG has another important property
that is useful as a ™reporter∫; it enables the real-time
monitoring of glycosylation byMALDI-TOFMS. The spectra
of LWPEG-bound materials have characteristic mountain-
like shapes, because of the statistical distribution of the PEG
chain length, which consists of about 8 ± 20 ethylene glycol
units. After successful coupling, the ™mountain∫ migrates to
the higher-molecular-weight region; this indicates the con-
version of 1 to the coupled product 3 (Figure 1).


Figure 1. Monitoring the glycosylation 1 � 2�3 by MALDI-TOF MS.


The judicious choice of OH protecting groups is critical for
any oligosaccharide synthesis to be successful. Temporary
protecting groups are required that can be removed without
affecting other functional groups, but that are stable under
various glycosylation conditions. For the purpose of monitor-
ing, additional requirements must be met; the protecting
group×s presence (or absence) should be detectable with high
specificity and precision. CAc was selected to fulfill these
multiple demands. For the real-time monitoring of CAc
deprotection, a color test reported by Riguera[19] came to our
attention. It was originally developed for the detection of
alcohols and consists of three step operations; 1) conversion
to tosylate, 2) treatment with p-nitrobenzylpyridine (PNBP),
and 3) deprotonation of the pyridinium salt with piperidine.
We expected that the CAc group would be detectable by
PNBP/piperidine treatment, which generates the strongly
colored zwitterionic salt 4 (Scheme 2).
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The feasibility of the strategy was tested as depicted
in Scheme 3. The synthesis of the tetrasaccharide was
conducted starting from the LWPEG-bound monosaccharide
5. Since earlier investigations had revealed that conven-
tional Wang resin-type linkers had limited stability, a novel
nitro-modified linker was developed.[20] It proved to be stable
under a variety of Lewis acidic O-glycosylation conditions
and could be cleaved chemoselectively by reductive cyclo-
release.


Chain elongation was performed with fluoride 6 (3equiv)
(in the presence of Cp2HfCl2-AgOTf[21] and CH2Cl2). As
shown in Figure 2, the progress of the reaction was clearly
monitored by MALDI-TOF MS. Complete consumption of
the acceptor as well as nearly quantitative formation of the
disaccharide 7 was observed as the ™migration of the
mountain∫. Concomitantly, a signal that emerged at m/z�
1140 (asterisked) may well indicate the formation of the
trehalose-like dimer 8 as a major side product. Clean


formation of disaccharide 7 was also confirmed by 1H NMR
spectroscopy, from which the coupling yield was estimated to
be �98%.


Removal of the CAc group to give 9 was achieved by
treatment with aqueous pyridine (pH 8 ± 9) containing 4-di-
methylaminopyridine (DMAP). The reaction was monitored
by a TLC color test, which was carried out according to
Riguera×s protocol (Figure 3). Color density was quantified by
the NIH Image program[22] with the aid of a scanner devise.
After 6 h, nearly complete disappearance of the color was
observed, and deprotection was judged to be complete.
Quantitative deprotection was supported by the 1H NMR
spectra of the resultant 9, which revealed the complete
disappearance of the low-field H4 signal that originally
appeared at �� 5.25.


Disaccharide 9 was subjected to further cycles of coupling ±
dechloroacetylation, which were again monitored by MAL-
DI-TOF MS and the color test, to afford tetrasaccharide 10
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Figure 3. Monitoring dechloroacetylation by color test. a) Color test on a
silica gel TLC plate after 0 h, 0.5 h, 3 h, 3.5 h, and 6 h (from left to right).
b) Spot intensities were quantified by NIH image 1.62.


(Scheme 3). Liberation of the tetrasaccharide was performed
under reductive cyclorelease conditions. Thus, treatment with
Sn(SPh)2, PhSH, and Et3N smoothly afforded cyclic hydrox-
amate 11, presumably via a hydroxylamine. In spite of its p-
alkoxybenzyl-like structure, the hydroxamate moiety was
unexpectedly resistant to oxidative (2,3-dichloro-5,6-dicyano-
1,4-benzoquinone–DDQ, cerium(��) ammonium nitrate–
CAN) as well as hydrogenolytic (H2, Pd/C) conditions.
Fortunately, its removal could be achieved under mild acidic
conditions (CSA/MeOH, 45 �C) to give 12 (59% overall yield
from 5).


Solid-Phase Capture ±
Release Strategy


Even if all reactions can be
monitored, the success of pol-
ymer-support synthesis still
relies on the presumption that
coupling reactions can be
driven to completion. Other-
wise, repeated failure to at-
tain a high degree of conver-
sion results in the accumula-
tion of side products, which
make the isolation of correct-
ly assembled products diffi-
cult. Especially when the re-
action site is sterically hin-
dered, it is quite common that
a substantial portion of the
acceptor remains unreacted,
even if excess donor is
used.[23]


It was inferred that the
solution to this problem can
be found by using additional
tagging. For facile peptide
synthesis, an affinity purifica-
tion protocol was developed
by Ramage et al.[24] Namely,
by terminating the solid-
phase synthesis with a tetra-
benzofluorenyl-17-methoxy-
carbonyl (Tbfmoc) capped N-
terminal residue, product iso-


lation was achieved in a greatly simplified manner with
graphatized carbon. Raines developed a dual affinity fusion
system that enables facile isolation of expressed protein by
using a polyhistidine tag in combination with an S peptide
derived from RNase A.[25] The success of these approaches
stems from the use of two independent tags.


Inspired by these works, a refined version of the LWPEG-
supported oligosaccharide synthesis strategy was designed
(Scheme 4),[26] based on the resin capture ± release concept.[27]


It employed a PEG-tagged glycosyl acceptor (A1) in combi-
nation with a CAc-carrying donor (B), as described before.
After coupling and removal of excess donor, the PEG-tagged
component consists of a coupled product C, together
with unreacted A1 if the reaction is not complete. In order
to discriminate between C and A1, the specific reactivity
of the CAc group was used. For this purpose, resin-bound
cysteine (D) was employed. It has a strongly nucleophilic
thiol, which captures CAc-carrying molecules in the solid
phase. Liberation into solution-phase can be effected by
removal of the Fmoc group. The exposed amine cyclizes
spontaneously to release disaccharide A2, which has a free
OH and can be used for the next coupling. Repetition of
this cycle (glycosylation ± capture ± release) provides the tar-
get oligosaccharide (An), with a minimum need for purifica-
tion.


Figure 2. Monitoring the glycosylation 5 � 6�7 by MALDI-TOF MS.







Oligosaccharide Synthesis 3076±3084


Chem. Eur. J. 2002, 8, No. 14 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0814-3081 $ 20.00+.50/0 3081


HO


O
S


OFmocNH


O


O


O
Cl


O


OS


NH2


O


O
O


HO


SH
NHFmoc


O
O


O
Cl


O


HO


S


O


NH


O
O


O


O
X


O
O


O
O


O
O


O


O


O
O


O


O
O


O


O
O


O


A1


B


Fmoc


C


D


A2


Step 1 Step 2


Step 3


: Soluble Tag (LWPEG)


: Resin


n-2


An


Repeat


Steps 1-3


Scheme 4. Solid-phase capture ± release strategy.


As a test case, a lactosamine repetition sequence was
selected as a target. It is well known that polylactosamine
[(Gal�1�4GlcNAc�1�3)n] is an important structure motif
of both glycoproteins[22] and glycospingolipids.[22]


To start with, monosaccharide 13, which has a nitro carrying
safety catch linker, was prepared. Thioglycoside 14 was
employed as a galactosyl donor, which was activated by
dimethyl(methylthio)sulfonium triflate (DMTST)[30] in
CH2Cl2 (Scheme 5). In order to critically evaluate the efficacy
of the capture ± release, the reaction was performed with a
substoichiometric amount (0.9 equiv) of 14. 1H NMR as well
as MALDI-TOF MS analyses of the crude product 15
revealed contamination by about 30% of unreacted acceptor
13 (Figure 4). Compound 15 was then captured with resin-
supported cysteine and released by treatment with 4-(amino-
methyl)piperidine to give 17, presumably via 16. As shown in
Figure 4, acceptor 13 was completely removed. The quality of
17 can be compared with chromatographically purified
disaccharide 18, which was obtained by cleavage with Zn-
Cu, Ac2O and DDQ (86% overall).


Further chain elongation to give a tetrasaccharide was
performed by repetition of glycosylation capture ± release
with 19 and 14 as glycosyl donors. The resultant 20 was
cleaved in threes steps to give 21 (Scheme 6).


In principle, the solid-phase capture ± release strategy
avoids contamination of any deletion product, irrespective
of the efficiency of the coupling reactions. Since the capturing
site is three atoms away from the hexopyranoside ring carbon,
this process is likely to be insensitive to steric hindrance.


Other approaches that share a similar advantage have
emerged. For instance, Fukase and Kusumoto reported a
clever approach[31] that utilizes 4-azido-3-chlorobenzyl[32] as
protecting group. In their ™catch and release∫ purification
approach, resin-supported phosphine was used. The product,
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carrying a 4-azido-3-chlorobenzyl group, (22) was caught by a
resin and released by treatment with DDQ (Scheme 7).


More recently, Seeberger reported a ™cap ± tag∫ approach
for the facile isolation of oligosaccharides synthesized by
solid-phase automated synthesis by using glycosyl phosphate
23 as a donor (Scheme 8).[33] In this case, unreacted acceptors
were capped as either 2-azido-2-methyl propionate (24A) or
perfluorinated silyl ether (24F). After completion of the chain
elongation and cleavage from resin, any deletion products
have these tags and can be removed either by scavenger resin
(for 24A) or perfluorinated reverse phase cartridge (for 24F)
to afford oligosaccharide 25 in a highly purified form.


Inazu et al. reported their own approach on the ™fluorous∫
synthesis of oligosaccharide by using Bfp (bisfluorous chain
type propanoyl) as a protecting group.[34] The advantages of
Bfp are easy purification by simple extraction by fluorous-
organic solvent and characterization of the products by NMR,
MS, and TLC.


Another interesting approach was developed by Fukase
et al. , in which the affinity purification method plays the key
role. It is based on molecular recognition between the resin-
bound bis(2,6-diamnopyridine)amide of isophthalic acid 26
and the barbituric acid derivatives 27,[35] and was originally
developed by Chang and Hamilton (Scheme 9).[36]


Stereochemical control is, of course, a fundamental prob-
lem in oligosaccharide synthesis, and is most serious in the
case of polymer-support synthesis. It must be admitted
that none of the strategies discussed in this account addresses
this important issue. Oligosaccharides that solely consist of
1,2-trans glycosidic linkages were selected as an initial


Figure 4. 1H NMR spectra of a) crude 15, b) 17 after capture ± release,
c) acceptor 13, and d) purified disaccharide 18.
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target in order to avoid any
stereochemical ambiguity. Con-
tinuous efforts to broaden the
understanding of the factors
that govern the stereochemistry
of O-glycosylation would ex-
pand the generality of poly-
mer-support oligosaccharide
synthesis.
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Introduction


The topology[1] of a macromolecule is an important molecular
parameter that determines its physical properties and appli-
cations.[2] To control macromolecular topology and architec-
ture accurately is currently a central theme in polymer science
with the aim to prepare polymeric materials with new
properties.[3] Many concepts and synthetic approaches have
been developed to prepare macromolecules with various
architectures and topologies, including dendrimers[4] and
hyperbranched polymers,[5] supramolecular polymers,[6] cylin-
drical and spherical polymers,[7] polymers having folded
structures,[8] molecular wires,[9] metal core polymers,[10] and
polymeric nanostructures.[11] Despite the elegance and success
of these approaches, most of them involve multi-step organic
syntheses and usually require specially designed monomers to
suit each particular synthesis. It is highly desirable to develop
methods that can directly polymerize existing simple mono-
mers to give controllable topology. One attractive approach is
transition metal catalyzed polymerization of simple mono-
mers to obtain polymers with controlled topologies.


Inspired by the recent progress in late transition metal
polymerization catalysis[12±15] and the increasing interest in
designing macromolecules with new topologies,[3] I have been
exploring the concept of controlling polymer topology using
late transition metal catalysts with the goal of creating
polymers with new topologies from simple existing mono-
mers.[16, 17] Instead of designing new monomers, I was attempt-
ing to achieve new polymer topologies by controlling the
covalent assembly of simple monomers through catalysis
(Scheme 1).


Simple Existing
Monomers


Late Transition 
Metal Catalysts New Polymer


Topologies


Scheme 1. Concept of designing new polymer topology from simple
existing monomers by using late transition metal catalysts.


I have succeeded in a few approaches demonstrating this
concept.[16, 17] In one strategy, hyperbranched polymers were
prepared via direct free-radical polymerization of divinyl
monomers by controlling the competition between propaga-
tion and chain transfer using a cobalt chain transfer catalyst.[16]


In another strategy,[17] polyethylene (PE) topology was
successfully controlled by regulating the competition between
propagation and ™chain walking∫ for ethylene polymerization
using a PdII-�-bisimine catalyst.[12] Concurrent to my studies,
others have reported different transition-metal catalysts that
polymerize ethylene to give branched to hyperbranched
architectures. Bazan and co-workers have developed an
elegant approach for the synthesis of polyolefins having
controlled short-chain branches through a tandem action of
two well-defined homogeneous catalysts, one for olefin
oligomerization and the other one for polymerization.[18] Sen
and co-workers have reported the synthesis of hyperbranched
PEs having low molecular weights using different nickel or
palladium catalysts.[19]


Discussion


This article will highlight the use of a chain-walking catalyst to
control polyolefin topology.[17] These olefin polymerization
studies using a chain walking catalyst, the catalytic site (active
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relatively constant, the topology of the polyethylene
changes from linear polyethylene with moderate branch-
es at high ethylene pressures to a dendritic polyethylene
at low pressures. This provides a straightforward one-pot
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growing site) isomerizes or walks on polymer chain during
propagation, so that the next monomer unit is assembled onto
any part of the polymer backbone instead of at the end
(Scheme 2).[17] Instead of introducing branching by monomer
structure, here the branching is introduced by a catalyst that
can control the position for the next monomer addition. This
nonlinear fashion of chain propagation leads to the formation
of polymers with various branching topologies.


* *


monomer
addition


chain
walking


*


*


chain
walking


monomer
addition


*
polymers with
various branching
topology


Scheme 2. Chain walking as a new strategy for controlling polymer
branching topology.


The catalyst used in the study is a PdII-�-bisimine complex,
1, a catalyst which was discovered by Brookhart and co-
workers[12] (Scheme 3).


N N
Pd
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OCH3
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CF3


CF3
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Scheme 3. The chemical structure of the Brookhart PdII-�-bisimine chain
walking catalyst.


Brookhart[12] and Fink[20] discovered that when certain NiII


and PdII catalysts were used for ethylene polymerization,
branched instead of linear PEs were obtained. They proposed
that the branching was introduced by catalyst isomerization or
™walking∫ along the PE backbone during the migratory
insertion polymerization. The chain walking of the catalysts is
facilitated by a process involving �-hydride elimination, bond
rotation and re-transfer of the hydride as depicted in
Scheme 4.[12, 20, 21]


From fine mechanistic studies, Brookhart and co-workers
have shown that the PdII-�-bisimine catalyst can walk through
a secondary or tertiary carbon but not a quaternary carbon
center.[21] 13C NMR spectroscopic analysis of the PEs pro-
duced by these catalysts provided information on the local-
scale microstructure such as the total branching density, the
distribution of short-chain branches, and the shortest branch-
on-branches, isobutyl group.[22] Nevertheless, the global
branching topology of these polymers was not clear and there
was no attempt to control the PE topology using the chain-
walking catalyst prior to our report in 1999.[17]


Following the discovery of the NiII and PdII-�-bisimine
catalysts by Brookhart and co-workers at the University of
North Carolina at Chapel Hill, a collaborative effort on
developing this polymerization catalyst system was initiated at
the DuPont Central Research and Development where I was
working as a Senior Research Chemist at that time. I was
intrigued by the chain-walking mechanism and conceived that
it could be used to control PE topology if the competition
between chain walking and insertion could be regulated.[17] I
proposed that at polymerization conditions that favor inser-
tion more than chain walking, the catalyst cannot walk too far
after each insertion, therefore, PE with a relatively linear
topology will be formed. On the other hand, if chain walking is
very competitive, the catalyst will walk extensively on
polymer chain after each insertion, which will result in a
hyperbranched or dendritic polymer. Whereas this concept
seems to be obvious in retrospect, my proposal was not
accepted initially until it was proven experimentally.


To test my hypothesis, I designed a series of experiments in
which the ethylene pressure (PE) was varied systematically. It
was expected that at high PE ethylene has high concentration
in the polymerization solution and hence insertion would be
relatively fast. At low PE the chain walking will be competitive
to the insertion so the catalyst can walk extensively on
polymer chain between two consecutive insertions.


The initial characterization by quantitative 13C NMR
spectroscopy and regular gel-permeation chromatography
(GPC) of the PEs made at different PE showed surprisingly
that they were very similar as characterized by these methods.
The GPC results showed that they have similar molecular
weights and the NMR spectra showed that they have similar
total branching density and the distribution of short chain
branches. A representative quantitative 13C NMR spectrum of


PE made with catalyst 1 is shown
in Figure 1 with the short-chain
branches assigned.[23]


The distribution of short-chain
branches as represented by the
number of branches in 1000
methylenes for a series of PEs
made with catalyst 1 at different
PEs is plotted in Figure 2. With-
out further analysis, we would
have fortuitously concluded that
these polymers made at different
pressures were about the same.


However, since the experi-
ments were purposely designedScheme 4. The proposed mechanism for chain walking.[12a, 20]
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Figure 1. A representative 13C NMR spectrum of the branched PE made
with the PdII-�-bisimine catalyst. Note on labels: In xBy By is a branch of
length y carbons and x is the carbon being discussed with the methyl at the
end of the branch being numbered 1. For example, the second carbon from
the end of a butyl branch is 2B4. xBy� refers to branches of length y and
longer. When x in xBy is replaced by a T, the methine carbon of that branch
is denoted. Greek letters indicate the position of the methylenes in the
backbone. For example, �B1� refers to methylenes � from a branch of
length 1 or longer. EOC is the end of the chain; 2EOC is the second carbon
from the end of the chain. A and B are the methyl groups of the methyl and
ethyl branches, respectively, in the sec-butyl branches.


Figure 2. 13C NMR data on total number of branches and the distribution
of short chain branches for PEs made at different PEs. Integrals of
characteristic carbons in each branch were measured and reported as
number of branches per 1000 methylenes (including methylenes in the
backbone and branches).


to examine the polymer topology change with polymerization
conditions, we resorted to more sophisticated analytical tools
to reveal the global topology of the polymers. Specifically, we
combined static and dynamic light scattering, solution viscos-
ity, neutron scattering and atomic force microscopy (AFM) to
investigate the global topology of the PEs made at different
pressures.


Firstly, size-exclusion chromatography (SEC) equipped
with an online multi-angle light scattering (MALS) detector
provided clear evidence that the PEs made at different
pressures have different topologies.[17, 23] Because the online
MALS detector measures both molecular weight (M) and size
of polymer (radius of gyration, Rg) for every fraction of
polymers eluted from the SEC column, we can compare the
Rg at the same M for different samples. In Figure 3 we
compare the angular dependence of the fraction of PE atM of
400000 gmol�1 for the three samples that were made at 0.1,


Figure 3. Comparison of Debye plots for the fraction of polymer at M�
400000 gmol�1 for the three PE samples made at 0.1, 1.0, and 34 atm,
respectively.


1.0, and 34 atm, respectively. A large difference in the slope
was observed, indicating that at the same M the Rg values are
different. The Rg at M� 400000 gmol�1 was 30.0, 18.5, and
10.5 nm for the samples polymerized at 34, 1.0, and 0.1 atm,
respectively (a factor of 3 range in Rg). The separation of the
polymer by SEC provides Rg as a function of M and as shown
in Figure 4, Rg consistently shifts upwards as PE increases.


Figure 4. Correlation ofRg with molecular weight for the three PE samples
made at 0.1, 1.0, and 34 atm, respectively.


For a linear flexible polymer forming a random coil, Rg


scales as M 1/2.[24] So, a radius change of a factor of 3 requires
nearly an order of magnitude change in M. The dramatic
difference in Rg for PE samples of the same M could in
principle be caused by either a change of the branching
density or a change of the branching topology with PE.
However, because the branching density stays relatively
constant as shown by 13C NMR spectrum (Figure 2), this
large change in Rg can only be attributed to a change in
branching topology. This leads to an unambiguous conclusion
that the PE topology changes with the PE: As the PE was
decreased, the PE topology was becoming more and more
hyperbranched (Figure 5).


Our further investigation of the polymers by dynamic light
scattering, solution viscosity, neutron scattering and AFM
have revealed more information on the PE topology.[17, 23, 25, 26]


The hydrodynamic radius (RH) was measured by dynamic
light scattering. Combining static and dynamic light scatter-
ing, the ratioRg/RH was obtained which reflects polymer chain
topology and segment density.[27] In general, linear flexible
polymers exhibit values of Rg/RH around 1.5 ± 1.7 in good
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solvents. A value less than unity, 0.78, is predicted for a hard
sphere. Experimental results of less than unity have been
reported for multi-arm stars,[28] micro-gels,[29] and dendritic
polymers.[30] Whereas our high-pressure polymer has a ratio of
1.7, for the lowest pressure sample, this ratio is only, 0.8,
indicating that the PE made at the lowest pressure has a
compact and globular topology resembling dendrimers.


In neutron scattering experiments,[25] the PE made at the
lowest pressure shows a peak in the Kratky plot (Figure 6),
further proving a densely packed globular topology for the
polymer. To our knowledge, this phenomenon has only been


Figure 6. Comparison of Kratky plots obtained by small angle neutron
scattering of the three PE samples made at 0.1, 1.0, and 34 atm, respectively.


observed for dendrimers[31] but not for hyperbranched poly-
mers. The intrinsic viscosity of the PE made at 0.1 atm is only
one eighth of the value for polypropylene of comparable
molecular weight.[17] We have recently observed directly the
different PE topologies by AFM (Figure 7).[26] All these
studies indicate that the PE made at very low PE has a very
densely packed topology resembling a dendrimer. Recently
Lutz and co-workers[32] have also investigated the structural
changes of PEs with polymerization conditions using the
chain walking catalyst, which confirmed our original obser-
vation.[17]


Whereas hyperbranched vinyl polymers have been elegant-
ly prepared by cationic,[33] radical,[34] and group-transfer[35]


self-condensing polymerization of specially designed vinyl
monomers, to our knowledge, our results showed the first time
that a vinyl polymer having dendritic topology can be
prepared by direct coordination polymerization of a simple
vinyl monomer such as ethylene. This is also the first time to
show that a polymer topology can be systematically tuned by


simply changing an experimen-
tal parameter such as pressure.
Although these polymers are
not perfect dendrimers because
of their polydisperse nature in
molecular weight and branch-
ing length distribution, their
cascade branch-on-branch top-
ology, compact globular struc-
ture and characteristic solution
behavior all resemble those of
dendrimers.[4, 17] It is reasonable
to expect that many physical


Figure 7. AFM study on topology of the dendritic PE made at very low PE.
a) An image showing separated individual PE molecules; b) a 3D image of
one dendritic PE molecule.


properties of these dendritic polymers made by the chain
walking catalyst should be similar to a perfect dendrimer
made of the same building block. Whereas perfect dendrimers
have beautiful structural precision and uniformity,[4] the
multistep syntheses involved in their preparations indeed
limit their general applications. Our approach offers a simple
one-pot process for making tunable polymers with topologies
ranging from linear to hyperbranched to dendritic starting
with simple olefinic monomers. Due to the ease of synthesis
and the availability of many olefinic monomers, these hyper-
branched and imperfect dendrimers may find many general
applications in which polymer structural precision and
uniformity are not critical.


To broaden the scope of our strategy, my group is currently
extending the methodology to functional polymer synthesis
through copolymerization of ethylene with polar monomers
by taking advantage of the excellent functional group
tolerance of the late transition metal polymerization cata-
lysts.[12b, 13, 36] By copolymerizing ethylene with functional
monomers at different PE values, copolymers carrying a
variety of functional groups with a spectrum of topologies can
be obtained.[37] This offers a simple one-pot approach to
design functional polymers with a broad range of topologies.
Post-polymerization treatment of functional groups can
further introduce more functional groups that cannot be
tolerated by the chain walking catalysts.


Conclusion


In conclusion, it has been shown that late transition metal
polymerization catalysts are excellent for controlling polymer


Figure 5. Control of PE topology by chain walking catalyst.
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topology. PE topology was successfully controlled by regulat-
ing the competition between propagation and chain walking
by using the Brookhart PdII-�-bisimine catalyst.[17] PEs with a
full spectrum of topologies could be obtained by simply
changing PE. Although the total branching density and the
distribution of short chain branches are relatively constant,
the branching topology changes dramatically with polymer-
ization pressure, varying from predominantly linear with
many short branches at high PE to a densely branched,
arborescent globular structure at very low PE. Polymers
synthesized at the lowest PE exhibited similar properties of
dendrimers. Our ability to produce polymers with continuum
topologies without changing the chemical structure provides a
unique opportunity for many fundamental studies, such as the
investigation of topological effects on polymer physical
properties.


Transition-metal catalysts have played and will continue to
play crucial roles in making important polymeric materials.[38]


Whereas early transition metal catalysts such as Ziegler ±
Natta and zirconocene catalysts remain as the workhorse in
olefin polymerization industry, significant advances have been
made recently in late transition metal polymerization cata-
lysts.[15] Two most important attributes of late transition
polymerization catalysts distinguish them from early transi-
tion metal systems as they are versatile for controlling
polymer topology[17] and have good functional group toler-
ance.[12b, 13, 36] If the most striking feature of early transition
metal olefin polymerization catalysts is their capability of
controlling the stereochemistry of polymerization of �-
olefin,[39] one most amazing nature of late transition metal
polymerization catalysts would be their versatility for con-
trolling polymer topology[17, 19] (Figure 8).


Figure 8. Comparison of early and late transition metal polymerization
catalysts.


My group is currently broadening the scope of this strategy
with special emphasis on development of new catalysts,
synthesis of new functional materials, and design of polymers
with unconventional topologies by using late transition metal


catalysts. Given the unique features of late transition metal
polymerization catalysts and the recent resurrection of great
interest in them,[15] the future of designing new functional
polymers with late transition metal catalysts is very promising.
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Ta97Te60: A Crystalline Approximant of a Tantalum Telluride Quasicrystal
with Twelvefold Rotational Symmetry


Matthias Conrad and Bernd Harbrecht*[a]


Abstract: The crystal structure of a
rational approximant of an unprece-
dented dodecagonal quasicrystal is re-
ported. The atomic arrangement of the
tantalum-rich telluride Ta97Te60 has been
determined from 30458 symmetrically
independent X-ray intensities of a crys-
tal twinned by metric merohedry:
a� 2767.2(2), b� 2767.2(2), c�
2061.3(2) pm, space group P212121, Pear-
son symbol oP628, 1415 variables,
R(F)� 0.059. A dodecagonal-shaped,
vaulted Ta151Te74 cluster with maximum
symmetry 6mm can be seen as a charac-
teristic motif of the structure. Each


cluster measures about 2.5 nm across
and consists of nineteen concentrically
condensed hexagonal antiprismatic Ta13
clusters which are capped with Te atoms.
The Ta151Te74 clusters can cover the
plane distinctly in different ways, there-
by forming a series of phases which are
closely related both structurally and
compositionally. In Ta97Te60 the buckled
clusters decorate the vertices of a square


tiling at a 2 nm length scale to result in
corrugated lamellae 2�[Te30Ta41Ta15-
Ta41Te30] each about 1 nm thick. The
lamellae are stacked along the c axis,
corresponding to the direction of the
pseudo-twelvefold axis of symmetry.
Symmetry arguments are proposed that
the twinning of the structure may be
associated with a fine-tuning of weak
interlayer Te ±Te interactions which are
reflected in a minimization of the devia-
tion from the mean distance �dTe±Te� and
a doubling of the stacking vector c.


Keywords: crystalline approximant
¥ high-temperature synthesis ¥
quasicrystal ¥ tantalum ¥ tellurium


Introduction


Quasicrystals represent a particular state of condensed matter
that differs from known standards in terms of order and
symmetry. The signature of quasicrystals is a diffraction image
with discrete intensity maxima and a rotational symmetry that
is incompatible with basic laws of classical crystallography.[1]


Quasicrystals may give rise to diffraction images with five-,
eight-, ten- or twelvefold rotational symmetry. They are
classified according to their symmetry.[2] The sharp diffraction
spots irrefutably prove that the atoms are highly ordered on a
length scale that is much larger than the interatomic distances.
On the other hand, the crystallographic forbidden rotational
symmetry of the Fourier spectrum expresses a unique mode of
long-range order in the quasicrystalline state that cannot result
from a repetition of atoms at given distances in distinct directions
of physical space as is typical of ordinary crystals. Quasicrys-
tals do not possess this kind of plain translational symmetry.


Structure determination techniques for solids usually rely
on the translational periodicity of crystals. Hence, these
methods fail for quasicrystals. Therefore, the precise structure
analysis and description of a quasicrystal structure is a not a


trivial task. Various methods have been proposed to over-
come the problems associated with the lack of translation
invariance.[3] For example, the embedding method is based on
the assumption that the atoms in quasicrystals are periodically
arranged as in ordinary crystals, albeit in a space with more
than three dimensions.[3f,g] This premise has the advantage
that the concepts and tools of higher-dimensional crystallog-
raphy can be applied to solve and describe the structures of
quasicrystals.[2] Other methods providing essential informa-
tion about the quasicrystalline state are electron diffraction
and high-resolution transmission electron microscopy. Struc-
tures are modeled by decorating quasiperiodic tilings and
coverings with atoms.[4] A more conventional approach makes
use of the fact that quasicrystals usually form in close
proximity to phases with related periodic structures, so-called
rational or crystalline approximants. The intimate structural
relationship between a quasicrystal and its approximants is
concluded from a strong resemblance in the intensity distri-
bution of the diffraction images. Apparently, the noncrystallo-
graphic rotational symmetry of the quasicrystal is relinquish-
ed in the crystalline approximants in favor of the restoration
of ordinary translational periodicity. Therefore, the study of
approximant structures can meaningfully contribute to the
understanding of the nature of the quasicrystalline state, in
particular as long as the determination of the structure of the
respective quasicrystal has not yet been accomplished.


In the following, we report on the structure of the tantalum-
rich telluride Ta97Te60, one of the approximants of an
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unprecedented quasicrystalline chalcogenide that we discov-
ered recently.[5] The Fourier spectrum of Ta1.6Te exhibits
twelvefold rotational symmetry. This telluride belongs to the
class of so-called dodecagonal quasicrystals. Dodecagonal
phases were identified in the Cr±Ni,[6] Ni ±V( ± Si),[7]


Bi ±Mn,[8] Mn ± Si[9] and Ta ±Te[5] systems. The tantalum
telluride is the thermally most robust among these dodeca-
gonal phases. Quite untypical for all other known quasicrys-
tals, the dodecagonal telluride has lubricant-like properties.
The crystal structure of the approximant Ta97Te60 provides
strong evidence that the particular mechanical properties of
the quasicrystalline telluride are intimately associated with a
lamellar structure that exhibits strong interatomic interac-
tions in only two dimensions. As schematically shown in
Figure 1, the similar intensity distributions of the zero-order
precession photographs of the quasicrystalline and the
approximant phase corroborate the assumption of a strong
resemblance of both structures.


Figure 1. X-ray intensity distribution in the zeroth layers perpendicular to
the (pseudo-) twelvefold symmetry axes for a) dd-Ta1.6Te (estimated
intensities from Buerger precession photographs) and b) its approximant
Ta97Te60 (IPDS data). The observed intensity is proportional to the area of
the circles. Note that the diffraction image of the approximant shows
additional weak reflections which are arranged on a reciprocal square
lattice thereby breaking the twelvefold symmetry. For details, see section
on ™structural properties∫.


Results and Discussion


Heavily corrugated lamellae, each about one nanometer
across, comprise the distinctive layer-type structure of
Ta97Te60. Each lamella consists of five atom layers, the outer
two of which are composed of Te atoms. Strong Ta�Te (mean


value �d�� 305 pm) and homonuclear Ta�Ta bonding inter-
actions (�d�� 295 pm) are confined to such quasi-two-dimen-
sional structural units. In accordance with the lubricant-like
mechanical properties of this metal-rich telluride, the cohe-
sion of the lamellae seems to be mainly the result of weak
Te�Te interactions (dTe±Te� 334 pm). There are two lamellae
per unit cell symmetrically coupled by a 21 screw rotation.
They are stacked along c. A projection of a suitable part of
two lamellae cut out along [110] is shown in Figure 2a)


Figure 2. a) Projection of a suitable section of the crystal structure of
Ta97Te60 onto (11≈0) with emphasis on the corrugation of the lamellae and
the contacts between weakly bonded Te atoms of adjacent layers. Filled
black circles: Tac atoms in the interior secondary net; open circles: Tap


atoms in the primary nets; red circles: Te atoms in the two outermost layers
of a lamella. b) Projection of a lamella onto (001). It is composed of one Tac


(black filled circles), two Tap (black open circles), and two Te (red circles)
layers. c) Net representation of the Ta partial structure of Ta97Te60. The Tap


atoms are arranged in layers corresponding to an irregular hexagon/
triangle net (black). The Tac net below the hexagons of the Tap net forms an
irregular square/triangle net (red). For the sake of clarity, the second
primary net, which is rotated by 90� relative to the first one, is left out.
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In the following, we show that the pseudododecagonal
symmetry of the structure essentially results from the
arrangement of atoms within the atomic layers and the
specific orientation of these layers within a lamella. Accord-
ingly, the pseudo-twelvefold rotational symmetry underlying
the approximant structures is reflected in global rather than in
local structural features. To emphasize this aspect, we have
split the structure into nets by using and extending a concept
that has been successfully applied by Frank and Kasper for a
thorough analysis of a series of complex intermetallic
structures.[10a,b, 11] Moreover, we have elucidated existing
structural relations between the various approximants. For
this purpose we employed the concept of condensed clus-
ters[12] in an extended version.


The lamellae of the structure of Ta97Te60 consist of five atom
layers with distinct compositions and orientations, namely
�Te30 ± �Tap


41 ± Ta
c
15 ±�Ta


p
41 ± �Te30. A loosely packed cen-


tral net of Tac atoms is surrounded by two peripheral layers of
Tap atoms. The nets of Ta atoms are covered on both sides by
densely packed layers of Te atoms of hexagonal topology 36.
The Schl‰fli symbols, for example 36 or 32.4.3.4, indicate the
vertex configurations of the respective net; the bases signify
the type of polygons about a vertex of the net and the
exponents express the number of the respective polygons
surrounding a given vertex of the net. Accordingly, 36 indicates
the Te atoms being arranged to triangles of which six are
grouped around each vertex. The mean distance between a Te
atom and its six nearest neighbors within a layer is 397 pm.


The peripheral Ta atoms are also situated at the vertices of
distorted hexagonal nets. In this case, however, 30 out of the
112 vertices per unit cell are unoccupied. Thus, the Tap atoms
form irregular nets of triangles and hexagons. The polygons
are locally arranged in three distinct ways: the three vertex
configurations 63, 6.3.6.3, and 62.32 occur in the ratio 8:14:19.
The Ta atoms of these primary nets are strongly bonded to
each other. Each atom has three or four bonding contacts at a
mean distance �d�� 287 pm. The layers of Te and of Tap atoms
are symmetrically related pairwise by 21 screw rotations. The
corresponding symmetry axes run parallel to b within a
lamella. Since the edges of the nets are rotated by 	15�
relative to b, the respective pairs of layers are in antiparallel
orientation as indicated by the symbols� and � in the above
scheme. The Tap atoms of adjacent layers are also in close
contact (�d�� 291 pm). The topology of the layers and their
relative orientation to each other is quite distinctive: all
hexagons are antiprismaticly stacked on top of each other.
Pairs of superimposed hexagons offer space for Tac atoms in
between the Tap layers. The Tac atoms are arranged to a less-
densely packed layer, a so-called secondary layer. These
atoms are not in close contact with each other and the mean
distance between central Ta atoms within a net is 528 pm. The
Tac atoms occupy the vertices of an irregular square/triangle
tiling with two distinct vertex configurations 36 and 32.4.3.4
occurring in the ratio 1:14. Figure 2b shows the projection of a
lamella and Figure 2c one secondary and one primary net of
Ta atoms onto [001].


The nets of hexagonal topology that compose the structure
of Ta97Te60 are reflected in the Fourier spectrum. Figure 1b
shows that the strong reflections of the (hk0) section of the


reciprocal lattice–that is, the Fourier transform of the
structure projected onto the plane perpendicular to the
pseudo-twelvefold symmetry axis–define the nodes of two
pairs of nets of approximately hexagonal shape. In principle,
the two nets of each pair can be transformed into each other
by a rotation of 	30�. The edge lengths in real space amount
to 383 and 281 pm. The strongest reflections accumulate at the
nodes of the bigger hexagonal nets. In real space the distance
in the net corresponds to the projection of the heavily
scattering Ta atoms located in a secondary and one of the two
primary nets onto the a/b plane.


This description of the Ta97Te60 structure sheds light on the
origin of its pseudododecagonal character. Accordingly, the
dodecagonal signature of the long-range order in Ta97Te60
results from the arrangement of the Te and Tap atoms in
layers of approximately hexagonal rotational symmetry in
combination with a pairwise coupling of the layers by a
pseudo-fourfold rotoinversion. The dodecagonal character-
istic is transcribed into the secondary tiling defined by the Tac


atoms. They mark exactly those positions in the projection
onto the a/b plane for which the two antiparallel primary
hexagonal nets underlying the Tap atom layers superimpose
almost perfectly.


The orientation of the edges of the secondary tiling
provides a suitable measure to quantify the deviation from a
perfect twelvefold long-range orientation order. In a truly
dodecagonal structure, the six distinct directions of the edges
of a regular dodecagon occur with the same frequency. In the
secondary tiling of Ta97Te60 they are found in the ratio
7:6:6:7:6:6. The preferred orientation corresponds to [110]
and symmetry-related directions.


From a local point of view, the approximation of dodeca-
gonal long-range order in Ta97Te60 becomes manifest in
slightly distorted dodecagons that almost completely pave
the area of the secondary tiling (Figure 2c). Each dodecagon
consists of twelve triangles and six squares and is linked to
four others by edge-to-edge connections. The centers of the
dodecagons coincide with the subset of the 36 vertices of the
secondary tiling. This particular subset defines a regular 44


tiling, which–in extension of the concept of Frank and
Kasper[10a,b]–we call a tertiary tiling. The edge length of the
tiling is given by the distance of two opposite edges of a
dodecagon, namely a/




2� 1952 pm. This spacing equals the


sum of two times the sum of the edge length of a square plus
the height of a regular triangle of the secondary tiling, as can
be seen from the red net depicted in Figure 2c. Thus, the ratio
of the mean edge lengths of the secondary and tertiary tiling
underlying the structure of this dodecagonal approximant
matches the value 2�



3, which is equal to the irrational scale
factor of quasiperiodic dodecagonal tilings.[13]


At a first glance, the structure seems to be rather complex.
There are 157 crystallographic distinct atoms, see Table 1. The
analysis of the local coordination configurations, however,
reveals that topological criteria allow the reduction of the
number of topologically nonequivalent atoms down to six.
The various coordination polyhedra about the three distinct
types of Ta atoms are shown in Figure 3a. The Tac atoms
(Ta1 ±Ta15) of the interior layer have a coordination number
of fourteen. Twelve Tap atoms form a hexagonal antiprism
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Figure 3. a) The three chemically distinct coordination types for Ta in
Ta97Te60. b) Projection onto (001) and c) side view of two partly over-
lapping vaulted Ta151 units composed of 19 concentrically fused hexagonal
antiprismatic TaTa12 clusters covered by Te atoms (red circles) in b).


(�dTa±12Ta�� 312 pm) around Tac with two additional Te atoms
capping the hexagonal faces, �dTa±2Te�� 277 pm. Though all
Tap atoms have a distorted icosahedral coordination, two
forms can be distinguished. Ta16 ±Ta59 are surrounded by
nine Ta (�dTa±9Ta�� 294 pm) and three Te atoms (�dTa±3Te��
300 pm). The atoms Ta60 ±Ta97, which are located above the
edges of the secondary tiling, have eight Ta (�dTa±8Ta��
295 pm) and four Te atoms (�dTa±4Te�� 316 pm) as next
neighbors. Owing to the layer-type character of the structure
of Ta97Te60, all Te atoms covering the surfaces of the lamellae
coordinate Ta atoms only from one side. The atoms Te1 ±Te30
are situated above the vertices of the secondary tiling and are
close to seven Ta atoms (�dTe±7Ta�� 316 pm). The atoms Te31 ±
Te47 cap the triangles of the secondary tiling, �dTe±3Ta��
283 pm. The third type of Te atoms, Te47 ±Te60, are located
above the squares of the secondary tiling, �dTe±4Ta�� 289 pm.


Starting from the coordination of the atoms, the architec-
ture of the metal partial structure of Ta97Te60 and related
tellurides can be described elegantly and consistently by
means of a modular cluster concept. As can be seen from
Figure 2c, the tantalum core of the extended lamellar
structural unit 2�[Te30Ta


p
41Ta


c
15Ta


p
41Te30] corresponds to a con-


densate of a single cluster type, namely the above-mentioned
hexagonal antiprismatic TacTap12 unit. Clusters of this type
share triangular faces with adjacent Ta13 units. Consequently,
the Ta13 clusters situated at the 36 vertices are connected to six
clusters, whereas the outer six share faces with five clusters.
The result is a dodecagonal Ta151 cluster representing an
agglomeration of 19 concentrically arranged Ta13 clusters. Its
size determines the edge length of the tertiary tiling and the
central atoms of the dodecagonal-shaped clusters fix the
tertiary tiling.


These large clusters may be arranged exclusively into
squares, as found for Ta97Te60, or into triangles, as derived for
Ta21Te13.[14e] For Ta181Te112, the Ta atoms at the centers of the
Ta151 clusters define a semiregular tertiary square/triangle
tiling of configuration 32.4.3.4.[14a] The tiling underlying a truly
dodecagonal phase is irregular and aperiodic. In this partic-
ular case, the ratio of triangles and squares is 4/




3, each type


of tile covers half of the area.
Two further aspects should be emphasized: 1) the highest


possible symmetry of the Ta151 cluster constituting the
structures of the dodecagonal approximants is 6mm. In all
known approximant structures of dd-Ta1.6Te (dd� dodecago-
nal) the symmetry group of the cluster is a subgroup of 6mm.
Note that 82 out of 97 Ta atoms of the pseudododecagonal
structure of Ta97Te60 have a distorted icosahedral coordina-
tion. Thus, the symmetry of a quasicrystal does not necessarily
result from a constituting structural unit with the appropriate
noncrystallographic symmetry. In the case of dd-Ta1.6Te, the
dodecagonal symmetry reflects a particular global rather than
a local structural feature. 2) The metal substructure of a
lamella of Ta97Te60 can be considered as a suitable section of a
hypothetical tetrahedral close-packed intermetallic phase,
that is, a structure in which all metal atoms are arranged into
tetrahedra. A structure of this type would be assigned to a
particular family of Frank ±Kasper phases. For example, the
�[11] , H,[15] and F phases,[16] belong to this family. Our
hypothetical structure could be seen as a chemical inter-


Table 1. Crystallographic data and structure determination.


formula Ta97Te60
space group P212121
pearson symbol, oP628
Z 4
a [pm] 2762.7(2)
b [pm] 2762.7(2)
c [pm] 2061.3(2)
V� 106 [pm3], 15734(2)
� [mm�1] 78.00
formula weight [gmol�1] 25208.15
�calcd [g cm�3] 10.642
data collection
crystal size [�m] 220� 180� 20
radiation, monochromator MoK� , graphite
� range [�]/� increment [�] 161/0.7
� (min/max) [�] 1.7/26.1
reflections 101018
data reduction
programs IPDS,[24] SHELX93[25]


absorption correction numerical
transmission range 0.002 ± 0.246
unique reflections 30895
Rint(F 2), completeness of data set 0.099, 0.988
refinement
program SHELX93[25]


reflections observed 30458
variables 1415
Rw(F 2)/R(F) for 25451 reflections [F 2� 2�(F 2)] 0.129/0.059
GOF 1.12
residual electron density (min/max) [10�6 epm�3] � 5.0/5.7
twin operation/fraction (�y, x, �z)/0.531(1)
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growth of motifs present in the structures of Cr3Si[17] and
Zr4Al3,[18] two other representatives of this family. The
common feature of all these phases is a secondary square
and/or triangle tiling whose vertices coincide with the centers
of hexagonal antiprismatic metal clusters. For intermetallic
phases of this family, the clusters are not only condensed into
layers, as for the telluride, but also arranged to columns by
sharing hexagonal faces. The dodecagonal quasicrystalline
phases uncovered in the Cr±Ni[6] and Ni ±V(-Si)[7] systems
probably share this structural feature.


A striking feature of the structure of Ta97Te60 is the heavy
corrugation of the lamellae. The buckling is best seen in
Figure 2a, in which two ribbons have been cut out from
adjacent lamellae.Within the primary Tap layer, the amplitude
of the wave is	170 pm. In the outer Te layers, the corrugation
is slightly enhanced. Hence, the Te atoms fluctuate in height
by nearly 400 pm. The extremities of the buckled layer spread
around the 36 vertices of the secondary tiling coinciding with
the centers of the bell-shaped Ta151 clusters (Figure 3c). The
curvature inverts between adjacent clusters which are sym-
metrically coupled by 21 screw rotation with the correspond-
ing symmetry axes running parallel to b. The corrugation itself
originates from the specific way in which the Ta13 clusters
sharing triangular faces are fused together. It is an inherent
feature of a hexagonal antiprism that the triangular faces are
not perpendicularly arranged relative to the hexagons. Thus,
at low degrees of distortions of the antiprismatic Ta13 clusters,
the Ta framework cannot be flat. The specific topology of its
corrugation with extremities at the centers of the Ta151 cluster
is intrinsically connected with the concentric condensation of
the hexagonal antiprismatic Ta13 clusters.


All structural features elucidated so far are in accordance
with a tetragonal space group symmetry. The arrangement
with the highest possible symmetry compatible with the
topology of the structure of Ta97Te60 could be described in
space group P4≈21m. As a consequence, the lamellae would be
equivalent by translation. According to the group ± subgroup
relationship of the sequence given in Scheme 1, P4≈21m is a
supergroup of the orthorhombic space group symmetry of the
relaxed Ta97Te60 structure. The crystal chemical implications
of the symmetry reduction on the structure of Ta97Te60 are of


interest, since subtle symmetry
changes may offer a clue to an
improved understanding of
chemical bonding in the re-
spective solid.


The reduction of symmetry
has a discernible impact on the
approximant structure, both
with respect to the corrugated
lamella 2�[Te30Ta97Te30] and to


the stacking of these units. Lowering the symmetry activates
some degrees of freedom within the lamellar unit to provide
space for an additional differentiation of covalent bonding
interactions. For the purpose of a rigorous symmetry analysis
of these changes concerning exclusively the lamellar unit, we
assume the series of layer groups[19, 20] to be in the group ±
subgroup relationship given in Scheme 1. From the sequence
given in Scheme 2, it becomes evident that both transitions,


translationengleich and klas-
sengleich, each contribute to
the lowering of the eigen sym-
metry of the lamellar unit. In-
deed, the atomic coordinates
within such a unit are shifted
on an average by approximate-
ly 14 pm relative to the ideal
positions of an atomic arrange-


ment with tetragonal symmetry.
The second transition (klassengleich) in Scheme 1 affords a


further degree of freedom that permits a shift of adjacent
lamellar units. Indeed, taking the highest Patterson peak in
the section uv1³2 as a measure, the two next lamellae are
shifted relative to each other by 	70 pm. This distortion
mainly affects the weak Te ±Te interactions between the
lamellae. A detailed analysis of these contacts depending
upon the relative position of two consecutive lamellae turns
out to be complex. One cause is the misfit between adjacent
Te layers. The misfit itself is traced back to the antiparallel
orientation of the two Te nets of hexagonal topology. The
heavy corrugation of the surface of the [Te30Ta97Te30] lamellae
is another reason. It follows directly from the geometry of the
corrugation that the highest possible filling of space is reached
when the stacking of the lamellae is close to primitive. A
primitive stacking affords a good match of convex and
concave vaulted clusters in consecutive lamellae.


In order to critically examine the factors distinguishing the
particular position relation of adjacent lamellae in the
structure of Ta97Te60, we performed a numerical analysis of
the interlayer Te ±Te contacts for small displacements of the
Te layers from their energetically most favorable positions.
Figure 4 shows a contour map of the mean deviation �d of the


Figure 4. Contour map showing the deviation �d of the interlayer Te ±Te
mean distances as a function of the displacement �r�� ¥ a � �y ¥ b of two
adjacent lamellae from their position in the distorted structure. Values of
�d are given in pm. Note that �d is minimal for the relaxed structure,
namely, �r� 0.


Scheme 1.


Scheme 2.
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Te ±Te distances from its mean value as a function of the
displacement vector �x ¥ a � �y ¥ b. Distances up to 500 pm
are taken into account. The analysis reveals that the position
relation of adjacent Te layers in the orthorhombic distorted
structure of Ta97Te60 is quite specific: the situation in the
relaxed structure is marked by a particularly narrow distribu-
tion of the Te ±Te distances, namely, �d is minimal as it may
be expected for optimized, nondirectional, attractive Te ±Te
interactions.


The concluding comment concerns the twinning of the
structure. The observation that the twin domains are about of
the same size points to the possibility that the twinning is
associated with a phase transformation that occurs when the
crystal cools down to ambient temperature. Two other
findings provide support for this hypothesis: 1) The metric
of the twinned orthorhombic crystal satisfies the restrictions
of the tetragonal crystal family within the experimental
resolution. 2) The structures of the twin domains were found
to be related by a rotation inversion. This is exactly the
symmetry operation that has to be added as a generator to
those of the symmetry group P212121 of the relaxed structure
in order to get to P4≈21m, the space group of the aristo-type
structure. The last two statements are compatible with the
assumption that P4≈21m is the symmetry group of Ta97Te60 at
high temperature. The existence of a high-temperature
modification, however, has yet to be proven.


Conclusion


The reduction of TaTe2 in the presence of excess tantalum at
about 1900 K leads to Ta97Te60, a crystalline approximant of a
unique dodecagonal quasicrystalline telluride, which forms
readily at lower temperatures under otherwise similar con-
ditions.


A comprehensive analysis of the crystal structure of
Ta97Te60 by its decomposition into distinct sets of atom layers
affords insight into the structural principles underlying the
architecture of the phase. Most of the atoms are located at the
vertices of corrugated triangular nets that are oriented
pairwise in an antiparallel fashion giving rise to a pseudodo-
decagonal character of the structure. The coordination about
a subset of Ta atoms defining a less densely packed layer at a
second level of structural hierarchy can be used to build the
structure following a modular cluster concept. A 2.5 nm-wide
dodecagonal-shaped, vaulted Ta151Te74 cluster was identified
as a characteristic motif of the structure. The centers of these
clusters define a net at a third level of hierarchy at which the
differentiation between the various structures of this unique
class of compounds becomes evident.


The intimate knowledge of the approximant structure of an
unprecedented dodecagonal quasicrystal provides relevant
structural information about other possible approximant
structures as well as that of the quasicrystal itself. This
knowledge is an indispensable prerequisite for a fundamental
understanding of the interrelations between structure and
composition for the phases of this unique class of compounds.


Experimental Section


Preparation and characterization : The binary Ta ±Te system accommo-
dates a dodecagonal quasicrystalline phase among a series of composi-
tionally and structurally closely related crystalline approximants.[5b, 14]


Three of these phases were identified as Ta21Te13,[14e] Ta181Te112, and
Ta97Te60.[5b, 14a,b] Ta97Te60 is the approximant richest in tantalum. It marks the
boundary to the Te-saturated bcc solid solution Ta1�xTex. It readily forms as
the final product of the stepwise reduction of TaTe2 by the metal in sealed
tantalum ampoules at temperatures above 1870 K. Lower reaction temper-
atures and otherwise similar reaction conditions yield dd-Ta1.6Te. Ta97Te60
was produced from a proper, prereacted, compressed mixture of the
elements (Ta powder: Aldrich 99.9%, H. C. Starck, Te pieces: Fluka
99.999%), (silica tube, 1100 K, 1 h) in a sealed tantalum crucible (Plansee)
at 1870 K within 12 h. Crystals of improved quality were obtained with
otherwise equivalent reaction conditions by adding traces of iodine to the
pellet. The plate-shaped crystals exhibit a metallic luster. The crystals split
easily parallel to their large faces, that is, perpendicular to c. By considering
the intensities calculated from the structural parameters, 66 reflections of a
Guinier pattern (FR552, Enraf-Nonius, Delft, NL; CuK�1; d values
�158 pm) of microcrystalline Ta97Te60 were consistently indexed. A
tetragonal lattice was assumed, since no splitting of the reflections as a
result of orthorhombic translational symmetry was observable. Least-
square refinement led to a� 2758.3(3) and c� 2059.6(3) pm. EDX analyses
were performed in a transmission electron microscope (CM30ST, Philips,
300 kV) equipped with a Tracor Voyager System. Ta2Te3[26] was used as a
standard. Averaging of 35 analyses resulted in a molar fraction xTa�
0.629(3). No further elemental component besides Ta and Te was detected
within the accuracy of the method.


Structure analysis : Several crystals were sealed in glass capillaries and
examined with a Buerger precession camera. A crystal of dimensions 0.2�
0.1� 0.02 mm was chosen for data collection with an imaging plate
diffraction system (IPDS, Stoe). Details concerning the data collection are
summarized in Table 1. Both photographic and diffractometer data were
consistent with a primitive tetragonal space group of Laue class 4/mmm.
The extinctions in the zones h00:h�2n, 0k0:k�2n, 00l :l�2n pointed to
the space group P42212. All attempts to derive a chemically reasonable
structure model by means of direct methods (SHELXS[21] , multan[22])
failed. Further useful pieces of information were gained from a systematic
inspection of the intensity distribution within the reciprocal layers (hk0)
and the Patterson sections (uv0) of Ta97Te60 and Ta181Te112, another
unsolved approximant structure at this stage. The intensity distribution
suggested a principal relationship between the structures of the pseudo-
dodecagonal tantalum tellurides and those of a class of Frank ±Kasper
phases[10] that are intermediate between the Cr3Si type[17] and the Al4Zr3
type[18] structures as, for instance, the structure of the � phase.[11] The results
of high-resolution transmission electron microscopy (HRTEM) studies of
both approximants corroborated the assumed structural resemblance.
Hereafter, we were able to derive a realistic model for the tantalum partial
structure of Ta97Te60. A detailed description of the procedure is given
elsewhere.[5b]


The space group with maximum symmetry matching the model structure
was P4≈21m, c�� c/2. This symmetry, however, did not seem to be compatible
with the experimental findings. Discrepancies were attributed to possible
twinning and could be resolved by applying an appropriate symmetry
reduction taking group ± subgroup relations into account. The Patterson
section (uv1³2) clearly revealed features indicative for twinning. As shown in
Figure 5, the section can be seen as a superposition of four copies of the
(uv0) section which are specifically shifted to each other. This particular
feature led to the conclusion that, according to the symmetry reduction
explicitly given in a former paragraph, the proper symmetry of Ta97Te60 is to
be orthorhombic, P212121 and, consequently, the crystal is twinned by
metric merohedry[23] with a 4≈ symmetry axis as a twinning element. By
considering this kind of twinning, we were able to refine the original
structure model and to expand it completely by difference Fourier
techniques.


The diffraction data were integrated on the basis of �-dependent circular
integration boxes. The intensities were corrected for Lorenz and polar-
ization factors as well as air scattering.[24] A numerical absorption
correction based on face indexing was applied. Merging the data in space
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group P212121 yielded 30895 symmetrically independent reflections. In the
final cycles of the structure refinement an overall scale factor, an individual
scale factor for one of the twin components, and three positional as well as


Table 2. Positional and equivalent isotropic displacement parameters
(104 pm2) for Ta97Te60.


Atom x y z Ueq


Ta1 0.24174(10) 0.02011(9) 0.66741(14) 0.0337(6)
Ta2 0.11041(9) 0.12720(8) 0.2239(2) 0.0220(6)
Ta3 0.11241(8) 0.15087(8) 0.72554(14) 0.0200(5)
Ta4 0.29762(9) 0.16598(9) 0.2054(2) 0.0233(6)
Ta5 0.43515(9) 0.03311(9) 0.2282(2) 0.0263(7)
Ta6 0.42823(9) 0.05943(9) 0.7074(2) 0.0293(8)
Ta7 0.29564(9) 0.19662(9) 0.7310(2) 0.0312(8)
Ta8 0.43323(10) 0.29948(9) 0.2549(2) 0.0276(7)
Ta9 0.06710(9) 0.33666(9) 0.7307(2) 0.0230(6)
Ta10 0.06128(10) 0.30726(10) 0.2335(2) 0.0323(8)
Ta11 0.42621(9) 0.32959(9) 0.7697(2) 0.0249(7)
Ta12 0.25307(9) 0.34784(9) 0.2589(2) 0.0243(7)
Ta13 0.38261(9) 0.48113(9) 0.2572(2) 0.0265(7)
Ta14 0.11174(9) 0.48453(8) 0.2355(2) 0.0228(6)
Ta15 0.24701(10) 0.38140(10) 0.7457(2) 0.0339(9)
Ta16 0.32092(8) 0.05929(8) 0.22887(14) 0.0203(5)
Ta17 0.31987(8) 0.08155(8) 0.73284(14) 0.0194(5)
Ta18 0.22277(8) 0.08705(8) 0.2267(2) 0.0196(6)
Ta19 0.14865(9) 0.03955(9) 0.7332(2) 0.0199(6)
Ta20 0.15061(9) 0.01641(8) 0.2276(2) 0.0196(6)
Ta21 0.22038(9) 0.11254(9) 0.7352(2) 0.0197(6)
Ta22 0.03448(9) 0.20399(8) 0.19595(14) 0.0191(5)
Ta23 0.03507(8) 0.22729(8) 0.69843(13) 0.0186(5)
Ta24 0.33031(9) 0.27898(9) 0.2100(2) 0.0192(6)
Ta25 0.04127(9) 0.40829(8) 0.2836(2) 0.0222(6)
Ta26 0.04319(9) 0.43597(9) 0.7886(2) 0.0192(6)
Ta27 0.32763(9) 0.30422(9) 0.7127(2) 0.0179(6)
Ta28 0.13875(9) 0.38170(8) 0.2721(2) 0.0217(6)
Ta29 0.35539(9) 0.37691(9) 0.2208(2) 0.0191(6)
Ta30 0.35354(8) 0.40273(8) 0.7212(2) 0.0194(6)
Ta31 0.14154(8) 0.40839(8) 0.7795(2) 0.0191(6)
Ta32 0.39018(8) 0.12574(8) 0.27655(14) 0.0186(5)
Ta33 0.38667(9) 0.15128(8) 0.77855(14) 0.0196(5)
Ta34 0.19424(8) 0.18048(8) 0.2713(2) 0.0187(6)
Ta35 0.05551(9) 0.06805(9) 0.7744(2) 0.0214(6)
Ta36 0.05645(9) 0.04435(8) 0.2712(2) 0.0174(6)
Ta37 0.19402(9) 0.20720(9) 0.7728(2) 0.0197(6)


Table 2. (Continued).


Atom x y z Ueq


Ta38 0.46503(8) 0.20000(8) 0.30020(14) 0.0191(5)
Ta39 0.46219(9) 0.22532(8) 0.80395(13) 0.0192(5)
Ta40 0.16818(8) 0.28481(8) 0.2851(2) 0.0184(6)
Ta41 0.45270(9) 0.40317(9) 0.2101(2) 0.0199(6)
Ta42 0.45149(8) 0.43097(8) 0.7100(2) 0.0187(6)
Ta43 0.16746(8) 0.31118(9) 0.7868(2) 0.0195(6)
Ta44 0.13147(8) 0.22912(8) 0.1764(2) 0.0193(6)
Ta45 0.00663(9) 0.10728(8) 0.1767(2) 0.0197(6)
Ta46 0.00799(9) 0.13207(9) 0.6792(2) 0.0180(6)
Ta47 0.13115(9) 0.25545(8) 0.6767(2) 0.0193(6)
Ta48 0.23407(9) 0.25467(9) 0.1804(2) 0.0197(6)
Ta49 0.48171(9) 0.49586(8) 0.8155(2) 0.0180(6)
Ta50 0.48017(9) 0.46823(8) 0.3185(2) 0.0197(6)
Ta51 0.23194(9) 0.28105(9) 0.6817(2) 0.0193(6)
Ta52 0.40082(9) 0.20906(9) 0.1875(2) 0.0194(6)
Ta53 0.47069(8) 0.16125(8) 0.6899(2) 0.0187(6)
Ta54 0.47438(8) 0.13463(8) 0.1903(2) 0.0195(6)
Ta55 0.39772(9) 0.23448(8) 0.6926(2) 0.0191(6)
Ta56 0.21069(8) 0.44983(8) 0.2972(2) 0.0191(6)
Ta57 0.28592(8) 0.44771(9) 0.2002(2) 0.0176(6)
Ta58 0.28566(9) 0.47549(9) 0.6975(2) 0.0192(6)
Ta59 0.21178(8) 0.47878(9) 0.8021(2) 0.0186(6)
Ta60 0.17328(9) 0.06457(9) 0.10697(14) 0.0212(5)
Ta61 0.17160(8) 0.08931(8) 0.61467(14) 0.0216(5)
Ta62 0.27796(9) 0.08828(9) 0.1085(2) 0.0216(6)
Ta63 0.34987(9) 0.03916(9) 0.6109(2) 0.0230(6)
Ta64 0.35529(9) 0.01378(9) 0.1133(2) 0.0217(6)
Ta65 0.27448(9) 0.11590(9) 0.6172(2) 0.0227(6)
Ta66 0.37905(8) 0.11379(9) 0.13716(14) 0.0207(5)
Ta67 0.37474(9) 0.13959(9) 0.64051(14) 0.0206(5)
Ta68 0.20365(9) 0.16137(8) 0.1331(2) 0.0201(6)
Ta69 0.07497(9) 0.03523(9) 0.1342(2) 0.0189(6)
Ta70 0.07378(9) 0.05969(8) 0.6361(2) 0.0190(6)
Ta71 0.20187(9) 0.18796(8) 0.6359(2) 0.0201(6)
Ta72 0.36448(9) 0.22018(9) 0.3189(2) 0.0203(6)
Ta73 0.48823(9) 0.09862(9) 0.3213(2) 0.0207(6)
Ta74 0.48149(9) 0.12544(8) 0.8219(2) 0.0201(6)
Ta75 0.36171(9) 0.25030(9) 0.8238(2) 0.0223(6)
Ta76 0.26542(9) 0.24788(9) 0.3133(2) 0.0199(6)
Ta77 0.48399(9) 0.49940(9) 0.1843(2) 0.0205(6)
Ta78 0.01075(9) 0.47240(9) 0.1826(2) 0.0202(6)
Ta79 0.26298(9) 0.27865(9) 0.8163(2) 0.0224(6)
Ta80 0.09629(9) 0.21321(8) 0.3081(2) 0.0184(6)
Ta81 0.02688(9) 0.16637(8) 0.8117(2) 0.0185(6)
Ta82 0.02350(9) 0.14097(8) 0.3083(2) 0.0212(6)
Ta83 0.09810(9) 0.23817(9) 0.8094(2) 0.0212(6)
Ta84 0.49663(8) 0.26058(8) 0.67931(14) 0.0188(5)
Ta85 0.00072(8) 0.26545(8) 0.82340(14) 0.0200(5)
Ta86 0.33802(8) 0.31986(9) 0.3385(2) 0.0195(6)
Ta87 0.08830(9) 0.42899(9) 0.6616(2) 0.0208(6)
Ta88 0.08295(9) 0.39938(9) 0.1559(2) 0.0240(6)
Ta89 0.33444(9) 0.35098(9) 0.8392(2) 0.0213(6)
Ta90 0.16030(8) 0.32757(9) 0.1567(2) 0.0201(6)
Ta91 0.40738(9) 0.42446(8) 0.8383(2) 0.0210(6)
Ta92 0.40894(9) 0.39408(9) 0.3393(2) 0.0196(6)
Ta93 0.16078(9) 0.35600(9) 0.6589(2) 0.0207(6)
Ta94 0.30965(9) 0.42028(9) 0.3328(2) 0.0209(6)
Ta95 0.18743(8) 0.45481(8) 0.6678(2) 0.0200(6)
Ta96 0.18615(9) 0.42607(9) 0.1635(2) 0.0215(6)
Ta97 0.30909(9) 0.45218(9) 0.8315(2) 0.0196(6)
Te1 0.2551(2) 0.00543(14) 0.7983(2) 0.0359(10)
Te2 0.2397(2) 0.00042(14) 0.0410(2) 0.0433(11)
Te3 0.15326(14) 0.08677(14) 0.3322(2) 0.0262(9)
Te4 0.15106(14) 0.10769(14) 0.8379(2) 0.0249(9)
Te5 0.2857(2) 0.1347(2) 0.3327(3) 0.0269(11)
Te6 0.3762(2) 0.0273(2) 0.3372(3) 0.0340(11)
Te7 0.3961(2) 0.0462(2) 0.8332(3) 0.0277(10)
Te8 0.2864(2) 0.1373(2) 0.8401(3) 0.0331(11)


Figure 5. Patterson sections (uv0) and (uv1³2) (inset: top right) as calcu-
lated from the intensities of a twinned crystal of Ta97Te60.







Tantalum Telluride Quasicrystal 3093±3102


Chem. Eur. J. 2002, 8, No. 14 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0814-3101 $ 20.00+.50/0 3101


six anisotropic displacement parameters for the 157 crystallographic
independent atoms were refined against 30458 intensities with I� 0
minimizing the expression �w(F 2


o �F 2
c �2, w� {�2(F 2


o� � [0.06(2F 2
o �


max(F 2
o,0))/3]2}�1. Anomalous dispersion effects were taken into account.


Assuming additional twinning by inversion in the refinement resulted in
negligible additional twin fractions. A final difference Fourier analysis
revealed a maximal residual electron density 120 pm apart from Ta50.
None of the twenty strongest peaks was located in a gap between the sheets
of Te atoms. Thus, intercalation of Ta97Te60 by additional Ta can be ruled
out. The final atomic parameters are given in Table 2.


Further details of the single crystal structure refinement may be obtained
from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leo-


poldshafen, Germany (fax: (�49)7247-808-666; e-mail : crysdata@fiz-
karlsruhe.de), on quoting the depository number CSD-412293.
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(�3-Phenylallyl)(phosphanyloxazoline)palladium Complexes:
X-Ray Crystallographic Studies, NMR Investigations, and Ab Initio/DFT
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Dedicated to Professor Lutz F. Tietze on the occasion of his 60th birthday


Abstract: All possible (�3-allyl)palladi-
um complexes (1 ± 4) of the ligand (4S)-
[2-(2�-diphenylphosphanyl)phenyl]-4,5-
dihydro-4-(2-propyl)-oxazole (L1) and
�3-allyl ligands with one to three phenyl
substituents at the terminal allylic cen-
ters were synthesized and characterized
by X-ray crystal structure analysis and,
with respect to allylic isomers, by NMR


investigations. Equilibrium geometries,
electronic structures, and relative ener-
gies of isomeric complexes were com-
puted by restricted Hartree ± Fock


(RHF) and density functional theory
(DFT) calculations; experimentally de-
termined isomer ratios could be repro-
duced. The results allowed important
conclusions to be drawn regarding the
mechanism of Pd-catalyzed asymmetric
allylic substitutions.


Keywords: ab initio calculations ¥
allyl ligands ¥ NMR spectroscopy ¥
palladium ¥ structure elucidation


Introduction


Pd-catalyzed enantioselective C�C and C�N bond-forming
allylic substitution reactions are frequently employed in
organic synthesis.[1] Scheme 1 describes two important classes
of allylic substitutions that can be carried out enantioselec-
tively with chiral catalysts. Phosphanyloxazolines,[2] modular


Scheme 1. Important classes of allylic substitutions that can be carried out
enantioselectively with chiral catalysts (M�Pd).


C2-diphosphines,[3] and phosphanylmyrtanic acids[4] are pres-
ently most broadly employed as chiral ligands. The two latter
types are particularly useful for cyclic substrates.


We have systematically studied (�3-allyl)Pd complexes of
phosphanyloxazolines by X-ray crystal structure analysis,
determined solution structures by NMR techniques, and
compared the results with those from ab initio and DFT
calculations. Recently, our results obtained with 1,3-dialkyl-
allyl derivatives of type A were published as Part 1 of this
series of articles.[5] In the present article, Part 2 of the series,
our results on a complete series of (�3-arylallyl)Pd complexes
of both type A and type B are presented. Whilst complexes of
type A have been studied extensively, little information is
available on complexes of type B. We regard this report as the
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direct sequel of Part 1 and, therefore, only the most pertinent
definitions of structural parameters as well as the literature
references concerning general aspects of X-ray structures,
NMR investigations, and quantum-chemical calculations are
repeated here.


Rationalization of the steric course and enantioselectivity
of a reaction of type A requires knowledge about the ratio of
the intermediate (�3-allyl)palladium complexes and their
relative rates and regioselectivities of substitution (cf.
Scheme 2). In most (but not all) cases, isomer interconversion


Scheme 2. exo ± endo isomerism of (�3-allyl)palladium complexes contain-
ing a PHOX ligand.


is faster than the addition of a nucleophile; thus, the Curtin ±
Hammett principle applies. In the case of alkyl derivatives, up
to six isomers were found (exo-endo and syn,anti isomers),
whereas for 1,3-diaryl derivatives, only the exo,syn,syn
(preferred) and endo,syn,syn isomers were observed. Gener-
ally, for (�3-allyl)(PHOX)palladium complexes, exo isomers
are more stable than endo isomers. We have previously
argued[6] that this preference is caused by repulsive inter-
actions between the group R and the pseudoequatorial
P-phenyl group, as schematically depicted in Scheme 3. In
the following, the validity of this argument will be strongly
supported by experimental data.


Scheme 3. Mechanistic aspects of the allylic substitution. The (PHOX)Pd
fragment, in the conformation as in Scheme 2, is schematically described by
the N-Pd-P fragment and the shaded circles which represent the equatorial
(large) and axial phenyl groups at P and the group R�. The upper pathway
leads to the preferred enantiomer.


The two dominant transition states of the reaction are
schematically described in Scheme 3. These transition states
arise from preferred attack of the nucleophile at the allylic
terminal carbon trans to phosphorus.[6, 7] There is ample
information on the starting allyl complexes; however, infor-
mation on product olefin complexes is scarce.[8] Quantum-
chemical calculations on the transition state, which are so far
limited to simple model systems and amines as nucleophiles,[9]


as well as solvent effects[10] on exo-endo ratios of �3-allyl
complexes and enantioselectivities indicate a late transition


state. The importance of this point should not be over-
estimated because, as apparent from the description in
Scheme 3, the structural change along the reaction path of
the allylic moiety relative to the (PHOX)Pd fragment is small
and this fragment is fairly rigid and its structure insensitive to
changes in the allyl group, as was demonstrated in Part 1.
Accordingly, many structural features of the (�3-allyl)palla-
dium complex are preserved in the transition state and,
therefore, studies of structures and isomer distributions of (�3-
allyl)palladium complexes are important.


An obvious feature of the reaction is the rotation of the
allylic moiety along the reaction path. In several allyl
complexes it was observed that, even in the crystal, their
allylic moiety was rotated in the same direction as in the
course of the substitution reaction.[7, 10b] Scheme 3 immedi-
ately illustrates that this direction of rotation is to be expected
in order to minimize steric interactions.[11] It was speculated
that the direction and degree of rotation in the allyl ligand in
palladium complexes of N,P ligands determines the rate and
enantioselectivity of the reaction.[7] To shed additional light
on this issue, we have taken particular care in the analysis of
the rotational state of the allylic moiety and investigated the
energy surface of rotation and tilting of the allyl ligand by
quantum-chemical calculations.


Finally, it must be emphasized that the above consider-
ations refer to N,P ligands and similar ligands with two
different donor centers. Differing aspects have to be invoked
for (�3-allyl)palladium complexes of C2-symmetric ligands
which, in spite of symmetry breaking, are not expected to
generally display clear structural properties, namely differing
bond lengths of allylic terminal carbon atoms to palladium, to
explain the regioselectivity of nucleophilic attack.


Results


Preparation of the (�3-allyl)palladium complexes


Complexes 1 ± 4 and ent-5 were prepared from known[12] (�3-
allyl)palladium chloride dimer complexes (Scheme 4). The
latter were obtained from the corresponding allylic alcohols in
excellent yields according to the procedure of Bosnich
et al. ,[12] which was also previously employed for the prepa-
ration of (�3-alkylallyl)palladium complexes (Part I[5]). Reac-
tions with ligands L1 or L3 and either silver perchlorate,
silver hexafluoroantimonate, or silver hexafluorophosphate in
CH2Cl2/methanol furnished complexes 1 ± 4 and ent-5.[13]


Crystals suitable for X-ray diffraction were obtained from
their solutions in dichloromethane by slow evaporation of the
solvent or by introducing n-hexane or diethyl ether by
diffusion. The crystal structure of complex 2 was already
published in 1994;[6b] in the course of the present work,
crystals of superior quality were obtained and a substantially
improved structure was determined.[14]


Crystal structures


The structures of complexes 1 ± 4 and ent-5 were determined
by X-ray crystallography. Crystallographic data and parame-
ters are listed in Table 1.[15] Complexes 2 ± 4 and ent-5 crystal-
lized as exo isomers and gave structures of high quality.
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Scheme 4. Preparation of (�3-allyl)palladium complexes.


Complex 4 showed two crystallographically independent mole-
cules in the asymmetric unit which were evaluated separately.
Complex 1 crystallized as a 7:3 mixture of the endo and the
exo isomer. The positions of the allyl atoms C2a and C3a could
be refined independently for the endo and the exo form, whereas
the rest of the molecule is very similar for both isomers. (cf.
footnote [a] in Table 2). Crystal structures of complexes 2 ± 5
and 1 are displayed in Figure 1 and Figure 4, respectively.


[N,Pd,P] moieties : Bond lengths and angles describing the
moiety [N,Pd,P] are listed in Table 2 and Figure 2. Data of
(1,3-dialkylallyl)palladium complexes[5] are also presented in


Figure 1. Superpositions of crystal structures of the (�3-allyl)palladium
complexes with best fit of the coordination plane [N,Pd,P]. The anions and
hydrogen atoms were omitted for clarity. In b) and c) the coordination
plane [N,Pd,P] is indicated by the horizontal black line, with N being
located at the left. a) Top view of complexes 2 (green), 3 (red), and 4 (blue).
b) Allyl groups of complexes 2 (green), 3 (red), and 4 (blue). c) Allyl
groups of complexes 2 (green) and ent-5 (red).


Figure 2 for comparison. The lengths of the Pd�N bonds
(2.111� 0.015 ä) and Pd�P bonds (2.274� 0.008 ä) are very
similar for all complexes and are in the expected range.[5, 16, 17]


The bond angle N-Pd-P is found in the narrow range of 88.3�
1.5�. Because of the small variation of geometric parameters,
the [N,Pd,P] plane was used as the reference plane for the
description of the geometry and position of the phosphanyl-
dihydrooxazole and the allyl ligand.


Allyl moieties : The Pd�C bonds trans to phosphorus
(Pd�C3a, 2.311� 0.053 ä) are longer by 0.186 ä, on average,
than the Pd�C bonds trans to nitrogen (Pd�C1a, 2.125�
0.030 ä) (Table 3). The average value is somewhat misleading
because the differences are spread over a wide range, from
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0.121 ä in complex 2 up to
0.269 ä in the (1,1-diphenylal-
lyl)palladium complex 3. Thus,
differing steric interactions be-
tween the phenyl groups bound
to the allyl moiety and the
ligand are apparent. Variations
of the angle C1a-Pd-C3a, 67.4�
1.2�, and the ligand bite angles
N-Pd-P, 88.6� 1.7�, are small.


As found for the 1,3-dialkyl-
allyl complexes,[5] the bonds
C2a�C3a are longer by 0.018�
0.010 ä than the bonds
C1a�C2a. The angles C1a-C2a-
C3a are 121� 3� and are thus
similar to those observed in
other �3-allyl complexes. The
location of the allylic moiety
relative to the coordination
plane is described by the tilt
angle �,[5] the angle between
planes [C1a,C2a,C3a] and
[N,Pd,P], and by the dihedral
angle �(N-P-C1a-C3a)[5] assess-
ing the twist of the allylic group
(Table 3). Similar to the 1,3-
dialkylallyl complexes, values
of angle �, 115� 7�, of the
phenylallyl complexes are
spread over a wide range.


Table 1. Crystallographic data for complexes 1 ± 5.


1 2 3 4 5


Formula C33H33F6NOPPdSb C39H37F6NOPPdSb C39H37ClNO5PPd C45H41F6NOPPdSb ¥ 0.5 (C2H5)2O C48H37F6NOP2Pd
MW 832.72 908.82 772.52 1021.97 926.19
T [K] 200(2) 123(2) 200(2) 200(2) 293(2)
� [ä] 0.71073 0.71073 0.71073 0.71073 0.71069
crystal system monoclinic tetragonal monoclinic orthorhombic monoclinic
space group P21 P43 P21 P212121 P21


Z 2 4 2 8 2
a [ä] 9.6058(1) 11.3530(1) 9.6082(2) 13.5975(2) 10.142(3)
b [ä] 19.2842(3) 11.3530(1) 15.2944(3) 15.2128(2) 15.119(3)
c [ä] 9.7598(1) 28.6891(3) 11.9458(2) 42.8358(2) 13.697(4)
� [�] 90 90 90 90 90
� [�] 113.9767(4) 90 100.665(1) 90 104.06(2)
� [�] 90 90 90 90 90
V [ä3] 1651.90(4) 3697.76(6) 1725.13(6) 8860.8(2) 2037.3(9)
�calcd [gcm�3] 1.674 1.632 1.487 1.532 1.510
� [mm�1] 1.471 1.322 0.707 1.114 0.600
Tmax/Tmin 0.77/0.63 0.80/0.65 0.97/0.90 0.86/0.72
crystal form irregular fragment polyhedron irregular
crystal size [mm�1] 0.38� 0.23� 0.22 0.42� 0.23� 0.22 0.25� 0.10� 0.06 0.50� 0.42� 0.25
2	max [�] 51.16 54.92 51.14 51.21 62.52
no. of reflns 7675 26656 13015 41377 8845
no. of indep. reflns 4235 8388 5714 14895 8529
no. of obs. reflns (I� 2
(I)) 4162 8388 5064 14309 7801
restraints/parameters 12/426 1/465 1/447 0/1072 1/538
GoF on F 2 1.06 1.083 0.99 1.14 1.07
final R 0.019 0.019 0.027 0.026 0.039
final Rw 0.048 0.044 0.048 0.067 0.099
max/min in diff. map[eä�3] 0.35/� 0.37 0.40/� 0.43 0.28/� 0.31 1.10/� 0.95 0.77/� 0.39


Table 2. Selected bond lengths [ä] and bond angles [�] of the phenylallyl complexes 1 ± 5.


Complex 1 (endo)[a] 2 (exo) 3 (exo) 4A (exo)[b] 4B (exo)[b] ent-5 (exo)


Pd�N 2.101(3) 2.096(2) 2.116(3) 2.119(3) 2.122(3) 2.126(3)
Pd�P 2.2663(8) 2.2668(5) 2.2690(9) 2.281(1) 2.272(1) 2.267(1)
Pd�C1a 2.096(4) 2.137(2) 2.095(4) 2.130(4) 2.154(4) 2.131(4)
Pd�C2a 2.176(9) 2.184(2) 2.169(3) 2.180(4) 2.174(4) 2.184(4)
Pd�C3a 2.318(5) 2.258(2) 2.364(3) 2.304(4) 2.282(4) 2.295(3)
C1a�C2a 1.409(8) 1.420(3) 1.412(5) 1.413(6) 1.419(6) 1.425(6)
C2a�C3a 1.390(9) 1.393(3) 1.397(5) 1.405(5) 1.406(6) 1.400(5)
N-Pd-P 88.51(8) 88.92(5) 88.23(7) 86.93(9) 89.19(9) 89.86(9)
C1a-Pd-C3a 66.9(2) 66.75(8) 66.4(1) 68.6(1) 68.1(1) 68.0(1)
C1a-C2a-C3a 121.3(7) 118.7(2) 121.8(3) 125.2(4) 123.3(4) 122.6(4)


[a] Complex 1 crystallized as a 7:3 mixture of the endo and the exo isomer. The positions of the allyl atoms C2a


and C3a could be refined independently for the endo and the exo form, whereas the rest of the molecule is very
similar for both isomers. The accuracy of the obtained geometry for the allyl region is affected by this disorder, the
uncertainty of the results may be greater than the given standard deviation. The hydrogen atoms could be refined
freely for the pyramidalized atom C1a, all other hydrogen atoms were taken into account at calculated positions.
[b] The unit cell of this crystal structure contains two crystallographically independent cations which are denoted
4A and 4B.


Figure 2. Average bond lengths and angles of the Pd coordination plane and the allyl system. Left: Phenylallyl
complexes; right: alkylallyl complexes.
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With respect to the twist of the allylic moiety, limiting
situations are a trihapto allyl system (�� 0�) and a dihapto-
bound olefinic system (�� 28�). The smallest twist angle (��
�0.6�) is found for the 1,1-diphenylallyl complex 3. In this
complex, the distances of �0.025 ä (Table 3) of the terminal
allylic carbon atoms, C1a and C3a, to the [N,Pd,P] plane
additionally demonstrate almost exactly planar coordination
which is surprising for such a strongly asymmetrically
substituted allyl system. The largest twist angle is displayed
by the (1,1,3-triphenylallyl)palladium complex ent-5 (��
18.7�) which contains a phospholane ligand (cf. Figure 1c).
In contrast, the two independent molecules of the (1,1,3-
triphenylallyl)palladium complex 4 display �� 4.2� and 8.4�.
Finally, the endo allyl system in complex 1 is markedly tilted in
the opposite direction (���12.9�) which was not observed
for any other (�3-allyl)(phosphanyldihydrooxazole)palladium
complex. In conclusion, there is no apparent correlation
between the magnitude and sign of the twist angle � with
structural features; accordingly, the potential energy surface
with respect to tilt and twist of the allyl group is flat and lattice
forces determine the actual values of parameters � and � in
the crystals.


Conformation of the PHOX ligand : The conformation of the
PHOX ligand in the complexes was analyzed with parameters
previously defined in our report on (1,3-dialkylallyl)palladium
complexes (Part 1).[5] The results are presented in Table 4.
Values of all the parameters are in the range observed for (�3-
1,3-dialkylallyl)palladium complexes and there is no system-
atic variation in relation to the substitution pattern of the allyl
group. A clear example is provided by the two crystallo-
graphically independent molecules of complex 4 which dis-


play significantly differing conformers. In conclusion, the
conformation of the dihydrooxazole moiety is strongly
influenced by crystal packing forces.


2D-NMR investigation of the (�3-allyl)palladium complexes


The solution structures of all complexes were analyzed with
2D NMR methods.[18] The nuclei were assigned according to
the strategy previously outlined for (�3-1,3-dialkylallyl)palla-
dium complexes in Part1[5] with the help of 1H,1H-DQF-
COSY, 1H,1H-TOCSY, 1H,1H-NOESY, 1H,13C-HMBC-, and
1H,13C-HSQC spectra. Complexes 3 and 4 each displayed a
single compound which was identified as the exo isomer, that
is, the same compound as found in the crystals.


As previously reported,[6b] complex 2 displays a 8:1 ratio of
exo and endo isomers in THF solution.[19] Complex 1 crystal-
lized as a 7:3 mixture of the endo,trans isomer 1nt and the
exo,trans isomer 1xt (Figure 3). The solution of this com-
pound displayed four sets of signals which we were able to
assign to the four isomers described in Figure 3. Structures
were assigned with the help of NOESY spectra and by
analyzing the 3J(3a-H,P) coupling constants.[14, 20]


The ratio of the isomers of complex 1 in CD2Cl2 was
determined to be 1xt (exo,trans):1nt (endo,trans):1xc (exo,-
cis):1nc (endo,cis)� 57.5:38:3.5:1. The marked preference for
the trans isomers was expected on the basis of the argument
(see the Introduction) that steric repulsion between the
equatorial phenyl group bound to P and the phenyl group of
the allylic moiety destabilizes the cis isomers. The complete
absence of cis isomers in complexes 3 and 4 provides further
strong support for this interpretation. In addition, the almost
equipopulation of the isomers 1xt and 1nt clearly shows that
the ratio of exo and endo isomers is governed by steric effects


with regards to the equatorial
phenyl group at P. The ratio of
the isomers 1xc and 1nc (3.5:1)
corresponds to the ratio 6:1 for
isomers 2x and 2n, taking the
necessarily low precision of the
former value into account.


It was of interest to investi-
gate the dynamic properties of
complex 1. 2D NOESY spec-
troscopy (�mix� 600 ms, 254 K)
of complex 1 showed exchange
peaks between protons of iso-
mers 1xt and 1nt (Scheme 5);
there was no exchange with any
of the cis isomers. The rate


Table 3. Selected structural parameters (angles [�], distances [ä]), describing the allyl ligand in relation to the [N,Pd,P] reference plane.


Complex 1 2 3 4A [a] 4B [a] ent-5
endo exo exo exo exo exo


�[b] 118.7(7) 118.5(2) 106.9(3) 122.1(4) 121.4(4) 116.6(2)
distance of C1a to the plane[N,Pd,P][c] 0.065(7) � 0.183(3) � 0.002(5) � 0.169(5) � 0.164(5) 0.163(5)
distance of C2a to the plane[N,Pd,P][c] � 0.246(9) 0.331(3) 0.665(4) 0.285(5) 0.218(5) 0.335(4)
distance of C3a to the plane[N,Pd,P][c] 0.601(6) � 0.407(2) 0.023(4) � 0.358(4) � 0.526(4) � 0.618(4)
� (N-P-C1a-C3a) � 12.9(2) 5.30(9) � 0.6(2) 4.2(2) 8.4(2) 18.7(1)


[a] The unit cell of this crystal structure contains two crystallographically independent cations which are denoted 4A and 4B. [b] Angle between the planes
[N,Pd,P] and [C1a,C2a,C3a]. [c] Atoms in the Re and Si half spaces of the plane [N,Pd,P] are defined to have positive and negative distances, respectively.


Table 4. Selected structural parameters (angles [�], distances [ä]) describing the conformation of the PHOX
ligand relative to the plane [N,Pd,P].


Complex 1 2 3 4A [a] 4B [a] ent-5[b]


endo exo exo exo exo exo


�[c] 36.8(1) 33.08(8) 32.6(1) 41.7(1) 34.9(1) 28.33(1)
deviation from planarity[d] 0.089 0.074 0.085 0.099 0.089 0.110
�[e] 67.9(1) 51.8(1) 70.02(8) 45.4(1) 62.80(9)
N-P-C1Re 95.6(1) 100.19(8) 95.6(1) 92.6(1) 100.8(1)
N-P-C1Re-C2Re 84.4(3) 50.4(2) 86.4(3) 69.2(3) 54.1(3)
�[f] 50.1(4) 64.05(6) 49.8(2) 40.1(3) 53.2(2)
N-P-C1Si 158.4(1) 151.53(9) 157.4(1) 162.3(1) 152.2(2)
N-P-C1Si-C2Si � 9.7(6) 20.6(3) � 2.5(5) 26.2(7) 15.4(5)


[a] The unit cell of this crystal structure contains two crystallographically independent cations which are denoted
4A and 4B. [b] Because of the completely differing characteristics of the PPh2 and the dibenzophospholanyl groups,
the parameters describing the latter were not determined. [c] Angle between the ™best-fit∫ plane through the
ligand atoms N, C2, C6, C7, and P and the plane [N,Pd,P]. [d] Average of distances of the atoms N, C2, C6, C7, and
P to the ™best-fit∫ plane through them. [e] Torsion angle Pd-N-P-C1Re. [f] Torsion angle Pd-N-P-C1Si.
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Figure 3. Schematic representation of the four isomers of complex 1 found
in CD2Cl2 solution.[21]


Scheme 5. Exchanging protons of isomers 1xt and 1nt.


constant, kexch.� 0.68 Hz, was determined with methods that
related cross- and diagonal-peak intensities. Of the[22] various
interconversion modes discussed in Part1, a �3-�1-�3 rear-
rangement best explains the exchange pattern. This process
involves opening of the Pd�C3a bond of 1xt to give an
intermediate �3-allyl complex, preferred rotation around its
single bond C1a�C2a, and reformation of the �3-allyl complex
1nt. No exchange among the minor isomers was found,
probably as a result of the relatively low intensity.


Ab Initio and DFT computations of geometries and relative
energies


Quantum-chemical calculations have been widely applied to
allyl palladium complexes (for reviews, see ref. [9]) and
excellent results have been achieved on the aspects of isomer


distributions[5, 23] and substitution reactions (transition-state
structure,[24] regioselectivity, and [25] electronic substituent
effects[26]).


Complex 1, displaying as four different isomers in solution
and in addition providing X-ray crystal data, was the most
interesting target for quantum-chemical calculations. The
relative energies of the four isomers were evaluated with the
software package Gaussian98.[27] All geometries were preop-
timized by means of the Restricted Hartree ± Fock (RHF)
method with the 3-21G basis set for C, H, N, and O and with
the LanL2DZ-ECP basis set for the P and Pd atoms.[28] In
addition, refined geometry optimizations of the complexes
were performed with the B3LYP hybrid DFT method[29]


employing the LanL2DZ-ECP for Pd and P atoms and the
3-21G basis set for all other atoms. Solvent effects were
assessed by computing single point energies at the B3LYP
level (LanL2DZ-ECP for P, Pd and 3-21G* for C, H, N, and
O) by means of the integral equation formalism polarized
continuum model (IEF-PCM)[30] with dichloromethane as the
solvent. The results are summarized in Table 5. The optimized
calculated structure and the X-ray crystal structure are
compared in Figure 4.


Figure 4. Superposition of structures of complex 1 obtained by X-ray
structure analysis (black) and B3LYP optimization (gray).


All computations correctly favored the trans over the cis
isomer and the exo,cis over the endo,cis isomer by
�2 kcalmol�1. Figure 5 illustrates the position of the 1a-
phenyl group relative to the equatorial phenyl group on
phosphorus. This relationship is perhaps best characterized as
pseudostaggered and pseudoeclipsed for the exo and endo
isomer, respectively.


Not surprisingly, the very small energy difference between
the trans isomers, experimentally �0.3 kcalmol�1 in CD2Cl2


Table 5. Total [a.u.] and relative [kcalmol�1] energies for the four computed isomers of complex 1.


RHF[a] B3LYP[b] B3LYP IEFPCM (CH2Cl2)[c]


Isomer Etot Erel Etot Erel Etot Erel NMR (CD2Cl2) [%]


exo,trans � 1522.45933 0.00 � 1532.76521 0.00 � 1532.81085 0.00 57.5
endo,trans � 1522.45958 � 0.16 � 1532.76522 � 0.01 � 1532.81043 � 0.26 38.0
exo,cis � 1522.45561 � 2.33 � 1532.76121 � 2.51 � 1532.80647 � 2.75 3.5
endo,cis � 1522.45252 � 4.27 � 1532.75823 � 4.38 � 1532.80401 � 4.29 1.0


[a] Method and basis set: B3LYP//RHF/LanL2DZ�ECP(P,Pd),3 ± 21G(C,H,N,O). [b] Method and basis set: B3LYP/LanL2DZ�ECP(P,Pd),3 ±
21G(C,H,N,O)//RHF/LanL2DZ�ECP(P,Pd),3 ± 21G(C,H,N,O). [c] Method and basis set: IEFPCM-B3LYP/LanL2DZ(P,Pd),3 ± 21G*(C,H,N,O)//RHF/
LanL2DZ�ECP(P,Pd),3 ± 21G(C,H,O,N).
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Figure 5. Calculated structures of isomers 1xc (left) and 1nc (right). The
coordination plane is perpendicularly arranged relative to the plane of the
paper, with N to the left. The equatorial phenyl group at P and the phenyl
group of the phenylallyl ligand are emphasized.


solution, is not exactly reproduced by the calculations
referring to the vacuum. However, by application of the
solvent model (CH2Cl2 solution), the correct order and
magnitude, 0.26 kcalmol�1, is obtained. This result underlines
the value of these calculations as information on the
equilibrium geometries are only available (from the crystal
structure analysis) for the endo,trans isomer.


Similar results were obtained for complex 2 (Table 6).
Using the B3LYP hybrid DFT method[29] employing the


LanL2DZ-ECP for Pd and P atoms and the 3-21G basis set for
all other atoms an energy difference of 2.1 kcalmol�1 was
calculated for the exo and endo isomer (gas phase), correctly
favoring the exo isomer as the more stable one. This result is in
excellent agreement with NMR data.[19] Furthermore, the
energy difference is very close to that (1.9 kcalmol�1) found
for the cis,exo and cis,endo isomers of complex 1. This
supports our previous conclusion that the isomer stabilities
are mainly dominated by steric interactions with the equato-
rial P-bound phenyl group.


We have reported that tilting and twisting of the allyl group
relative to the coordination plane, described by the angle �


(the angle between planes [C1a,C2aC3a] and [N,Pd,P]) and the
torsion angle �(N-P-C1a-C3a) of alkylallyl complexes varies
considerably (�� 120� 5�, �� 5� 5�).[5] Variations of these


parameters (�� 115� 7� and �� 3� 15�) are even more
pronounced for the phenylallyl complexes. There is no
apparent dependence of either of these angles on the steric
bulk of the substituents at the oxazoline or the allyl group.
This indicated a flat energy minimum with respect to these
parameters. Computational assessment of the energy as a
function of the tilt and twist angle was carried out for the
exemplary allyl complex shown in Figure 6.


Figure 6. Model complex for assessing energies of twisting and tilting of
the allyl group of the PHOX ligands. Twisting and tilting of the �3-allyl
group are described by torsion angles �(N-Pd-C2a-2a-H) and �(Pd-C3a-C1a-
C2a), respectively.


For this assessment, torsion angles �(Pd-C3a-C1a-C2a) and
�(N-Pd-C2a-(2a-H)], respectively, were chosen as geometric
parameters (cf. Figure 6). These angles are not completely
independent of each other as are � and � (cf.[5]), nevertheless,
they give a good indication of the energetic cost of tilting and
twisting of the allyl group. Values of the optimized structure of
the model complex are ���77.0� and �� 111.2�. A grid with
49 structures with fixed values of � and � was calculated and
an energy map (Figure 7) was derived by linear interpolation
(Table 7).


The potential energy surface contains a flat minimum as
anticipated. Structures with ��� 25 ± 30� and ��� 12� are
located within an energy boundary of only 0.6 kcalmol�1. The
crystal structures of the alkylallyl and phenylallyl complexes
are all found in this domain. Accordingly, values of these
parameters are strongly influenced by crystal packing effects.
Clearly, the regioselectivity of attack of a nucleophile at the
allylic group can not be correlated with twisting, or in other
words the rotational state, of the allyl group in the solid state.


Table 6. Total ([a.u.]) and relative ([kcalmol�1]) energies for the four
computed isomers of complex 2.


B3LYP[a] B3LYP IEFPCM (CHCl3)[b]


Isomer Etot Erel Etot Erel NMR
(CDCl3) [%][19]


exo � 1762.55586 0.0 � 1762.59471 0.0 86
endo � 1762.55252 � 2.1 � 1762.59081 � 2.4 14


[a] Method and basis set: B3LYP/LanL2DZ�ECP(P,Pd),3 ±
21G(C,H,N,O)//RHF/LanL2DZ�ECP(P,Pd),3 ± 21G(C,H,N,O).
[b] Method and basis set: IEFPCM-B3LYP/LanL2DZ(P,Pd),3 ±
21G*(C,H,N,O)//RHF/LanL2DZ�ECP(P,Pd),3 ± 21G(C,H,O,N).


Table 7. Relative energies ([kcalmol�1]) of the minimization for a given
pair of dihedral angles � and �.[a]


�


� � 105� � 90� � 80� � 75� � 70� � 60� � 45�


90� � 8.0 � 6.1 � 5.3 � 5.2 � 5.2 � 5.8 � 8.2
100� � 4.0 � 2.1 � 1.5 � 1.4 � 1.5 � 2.2 � 4.8
105� � 2.9 � 1.1 � 0.5 � 0.4 � 0.5 � 1.3 � 4.0
110� � 2.4 � 0.6 � 0.0 0.0 � 0.2 � 1.0 � 3.8
115� � 2.4 � 0.6 � 0.2 � 0.2 � 0.3 � 1.3 � 4.2
120� � 2.9 � 1.2 � 0.8 � 0.8 � 1.0 � 2.0 � 5.0
130� � 5.2 � 3.6 � 3.4 � 3.5 � 3.8 � 4.9 � 8.1


[a] Method and basis set: B3LYP/LanL2DZ�ECP(P,Pd),3 ±
21G(C,H,N,O)//B3LYP/LanL2DZ� ECP(P,Pd),3 ± 21G(C,H,N,O). No
parameters were restricted except the two dihedral angles.
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Discussion and Conclusion


Our results are relevant both for the understanding of the
properties and equilibria of the (�3-allyl)palladium complexes
as well as their reactivities.


With regard to the ground state properties, our views
expressed by Scheme 3 are fully supported by the isomer
ratios observed for complexes with nonsymmetric allyl
ligands. In particular, the allyl-bound phenyl group in complex
1 is a probe for assessing repulsive interactions of the PHOX
ligand on the allylic moiety. This can be schematically
expressed by the sector model shown in Figure 8. According


Figure 8. Sector model for PHOX ligands.


to this model, the dominant repulsive group of the PHOX
ligand is the equatorial P-phenyl group. The classification of
the lower left quadrant as being small is corroborated by


complex 3 which displays a
preference for the exo,trans iso-
mer, wherein the plane of the
phenyl group in the 3a-anti
position is perpendicularly ar-
ranged to the plane of the allyl
ligand. Thus, the larger sub-
stituent, relative to the
(PHOX)Pd moiety, at C3a oc-
cupies the lower left quadrant.


Complex 1 bears close re-
semblance to the reactive inter-
mediate of the substitution, re-
ported by Pfaltz et al.,[31] de-
scribed in Scheme 6. This
reaction mainly yields the line-
ar product, nevertheless, the
enantiomeric excess (ee) and
configuration of the branched
product were determined. The
preferred branched product is
the one that arises from the
reaction of the most stable
intermediate allyl complex, cor-
responding to 1xt, at the allylic


carbon trans to phosphorus. This was anticipated on the basis
of the previous results with the thoroughly investigated 1,3-
diphenyl-[8] or 1,3-dialkyl-allyl[5] derivatives.


Scheme 6. Allylic substitution at a monosubstituted allyl acetate; E�
COOCH3, BSA�N,O-bis(trimethylsilyl)acetamide.


The structural characterization of complex 4 is particularly
significant and provides very important new information on
the catalytic cycle of the allylic substitution. Reactions of
geminally disubstituted substrates (Scheme 7) are of interest


Scheme 7. Allylic substitutions at trisubstituted allyl acetate.


as both electronic and steric effects guarantee a high degree of
regioselectivity in favor of the chiral product. Substrates of
this type were studied at an early stage,[32] good results (up to


Figure 7. Energies [kcalmol�1] of twisting, described by torsion angle �[N-Pd-C2a-(2a-H)], and tilting, described
by torsion angle �(Pd-C3a-C1a-C2a) of the allyl group (minimum at ���77.0� and �� 111.2�). Diphenylallyl
complexes : � (2 ; �81.2�, 109.6�); � (3 ; �73.9�, 107.2�); � (4a ; �82.5�, 114.3�); � (4b ; �77.1�, 111.3�); � (ent-5;
�72.4�, 112.2�). Dialkylallyl complexes of Part 1[55]: * (6 ; �76.8�, 111.3�); � (7; ���72.0�, �� 111.0�); � (8 ;
�80.4�, 115.6�).
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86% ee) had been obtained, even with chiraphos and
sparteine[33] as chiral ligands. Standard phosphanyloxazolines,
such as L1, induced superior enantioselectivity; however, the
reactions were generally slow.[34] With the very bulky ligands
L4[35] and L5,[36] in conjunction with appropriate leaving
groups and reaction conditions, higher degrees of reactivity
were achieved more recently.


With the PHOX ligands L1 ±L5 and substrates with a
variety of substituents R, the steric course of the reaction was
the same as that shown in Scheme 7. The remarkable point is
that the preferred product in the case R�Ph can not arise
from the exo,trans isomer (4xt) found in solution. Possible
are reactions at the non-observed endo,trans (4nt) and
exo,cis (4xc) isomers (cf. Scheme 8). If complex 4xt does


Scheme 8. The four possible syn isomers of complex 4. Only isomer 4xt
was found in the crystal, isomer 4xc is the most reactive in the substitution
reaction.


not react at the allylic carbon trans to nitrogen, there is no
reason to assume that complex 4nt would do so. With this safe
assumption, we can conclude that the reaction of the non-
observed complex 4xc at the carbon trans to P is faster by a
factor of �10000 than the reaction of the observed complex
4xt at the carbon trans to N. This value is derived from
observed isomer ratios and enantioselectivities, both in the
range �100:1. The isomer ratios of trans and cis allyl isomers
is expected to be even higher with groups R that are smaller
than phenyl. Given the generally high enantioselectivities,
similar rate factors as in the reactions via complex 4 are to be
expected.


This observation further substantiates the previous analysis
for reactions involving P,N ligands which emphasize the
preference of the attack at the C trans to P. The previous
arguments relied on the fact that, in general, the Pd�C3a bond
is longer and weaker than the Pd�C1a bond,[6b, 37] the
observation of a product olefin complex,[8] and inertness to
addition of a nucleophile for �3-allyl complexes with very
strong steric shielding in the vicinity of C3a.[7]


The low overall reaction rates obtained with complexes
L1 ±L3 are understandable considering the low concentra-
tion of the reactive isomer. In addition, interconversion rates
among allyl isomers shown in Scheme 8 are probably low
because the route from 4xt to 4xcmust involve formation of a
�1-allyl complex with a bond between Pd and the tertiary
carbon or a ligand dissociation process. The higher rates
achieved with the bulky ligands L4 and L5 could be the result
of an enhanced population of the exo,cis-isomers or ground
state destabilization.


Experimental Section


Ligands were synthesized as previously described.[38] The complexes were
prepared under dry argon using standard Schlenk techniques. 1H, 13C, and
31P NMR spectra were recorded on Bruker AMX400, DRX500 or
DMX600 instruments. 1H NMR chemical shifts are relative to residual
undeuterated solvent in CDCl3 (� 7.26), the 13C NMR shifts are relative to
the solvent CDCl3 (� 77.0), and the 31P NMR shifts are relative to 85%
H3PO4 (� 0.00). NOESY spectra were recorded with a mixing time of 100,
200, 300 or 600 ms, TOCSY spectra were recorded with a mixing time of
60 ms. Melting points were determined in open glass capillaries and are not
corrected. Optical rotations were measured on a Perkin Elmer 241MC
polarimeter. Crystallographic data were collected on a three-circle
diffractometer (Bruker Smart CCD) with a CCD detector. Intensities
were corrected for Lorentzian and polarization effects. An empirical
absorption correction was applied with the SADABS program[39] based on
the Laue symmetry of the reciprocal space. The structures were solved by
direct methods and refined against F 2 with a full-matrix least-squares
algorithm with the SHELXTL-PLUS (5.03) software package.[40]


General procedure for preparation of (�3-allyl)(PHOX)palladium com-
plexes : A solution of silver salt (0.513 mmol) in methanol (2 mL) was
added to a solution of the PHOX ligand (0.525 mmol) and [{(�3-(phenyl)-
allyl)PdCl}2] (0.250 mmol) in CH2Cl2 (5 mL). After stirring for 1 h in the
dark, the solution was filtered through celite, the residue washed with
CH2Cl2, and the filtrate concentrated in vacuo. Single crystals suitable for
X-ray measurement were grown either by slow evaporation of a diluted
solution of the crude product or by employing the following diffusion
method: the crude product was dissolved in CH2Cl2 (2 ± 3 mL), the solution
transferred into a test-tube which was placed into a wide-necked bottle
containing a 1-cm layer of diethyl ether or hexane. The tightly closed bottle
was then stored in a refrigerator at �4 �C or �20 �C. Crystals usually
appeared after a few days.


(�3-1-Phenylallyl)-{(4S)-[2-(2�-diphenylphosphanyl)phenyl]-4,5-dihydro-
4-(2-propyl)oxazole}palladium(��) hexafluoroantimonate (1): This com-
pound was prepared according to the general procedure from [{(�3-1-
phenylallyl)PdCl}2] (258.5 mg, 0.500 mmol), L1 (392.0 mg, 1.050 mmol),
and AgSbF6 (352.0 mg, 1.025 mmol). Single crystals were grown by the
evaporation method from CH2Cl2/hexane/tert-butyl methyl ether at room
temperature. Yield of 1: 640.0 mg (77%), light yellow crystals; m.p.
�250 �C; [�]20D ��237.3 (c� 2.44, CH2Cl2).


1xt (exo,trans): 57.5%; 1H NMR (600.13 MHz, CD2Cl2,�20 �C): ��0.18
(d, 3J(1s-H,2s-H)� 6.8 Hz, 3H; 2s-H), 0.13 (d, 3J(1s-H,3s-H)� 6.8 Hz, 3H;
3s-H), 1.30 (dqq, 3J(4-H,1s-H)� 3.5 Hz, 3J(1s-H,2s-H)� 6.8 Hz, 3J(2s-H,3s-
H)� 6.8 Hz, 1H; 1s-H), 2.77 (d, 3J(1a-Hanti,2a-H)� 11.7 Hz, 1H; 1a-Hanti),
3.35 (ddd, 3J(4-H,1s-H)� 3.6 Hz, 3J(4-H,5-HRe)� 5.3 Hz, 3J(4-H,5-HSi)�
9.5 Hz, 1H; 4-H), 3.48 (dd, 2J(1a-Hsyn,1a-Hanti)� 2.5 Hz, 3J(1a-Hsyn,2a-H)�
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7.1 Hz, 1H; 1a-Hsyn), 4.10 (dd, 3J(4-H,5-HRe)� 5.3 Hz, 2J(5-HRe,5-HSi)�
9.5 Hz, 1H; 5-HRe), 4.20 (dd, 2J(5-HSi,5-HRe)� 9.5 Hz, 3J(4-H,5-HSi)�
9.5 Hz, 1H; 5-HSi), 5.58 (dd, 3J(3a-H,P)� 9.9 Hz, 3J(2a-H,3a-H)� 13.8 Hz,
1H; 3a-H), 6.37 (ddd, 3J(1a-Hsyn,2a-H)� 7.1 Hz, 3J(1a-Hanti,2a-H)� 11.7 Hz,
3J(2a-H,3a-H)� 13.8 Hz, 1H; 2a-H), 7.10 (dd, 3J(8-H,9-H)� 8 Hz,
3J(8-H,P)� 10 Hz, 1H; 8-H), 7.39 (m, 2H; 5a-H), �7.5 (m, 3H; 6a-H, 7a-
H), 7.60 (m, 1H; 9-H), 7.70 (dddd, 5J(10-H,P)� 1 Hz, 4J(8-H,10-H)� 1 Hz,
3J(9-H,10-H)� 7.8 Hz, 3J(10-H,11-H)� 7.8 Hz, 1H; 10-H), 8.20 (ddd, 4J(9-
H,11-H)� 1.1 Hz, 4J(11-H,P)� 4.4 Hz, 3J(10-H,11-H)� 7.7 Hz, 1H; 11-H);
13C NMR (125.76 MHz, CD2Cl2, �20 �C): � 12.27 (C2s), 17.69 (C3s), 30.66
(C1s), 51.60 (C1a), 68.22 (C5), 69.95 (C4), 101.47 (C3a), 113.22 (C2a), ca.
128.2 (C6), ca. 28.9 (C7), ca. 129.60 (C6a, C7a), ca. 132.00 (C9), 132.17
(C10), ca. 133.2 (C11), 134.10 (C5a), 134.80 (C8), 135.67 (C4a), ca. 164 (C2);
31P NMR (202.46 MHz, CD2Cl2, �20 �C): � 24.29.


1nt (endo,trans): 38%; 1H NMR: � 0.14 (d, 3J(1s-H,2s-H)� 6.8 Hz, 3H;
2s-H), 0.65 (d, 3J(1s-H,3s-H)� 6.8 Hz, 3H; 3s-H), 1.93 (dqq, 3J(4-H,1s-H)�
3.6 Hz, 3J(1s-H,2s-H)� 6.8 Hz, 3J(1s-H,3s-H)� 6.8 Hz, 1H; 1s-H), 3.21 (d,
3J(1a-Hanti,2a-H)� 12 Hz, 1H; 1a-Hanti), 3.24 (dd, 2J(1a-Hanti,1a-Hsyn)� 2 Hz,
3J(1a-Hsyn,2a-H)� 7 Hz, 1H; 1a-Hsyn), 3.31 (m, 1H; 4-H), 4.00 (dd, 2J(5-
HRe,5-HSi)� 9.6 Hz, 3J(4-H,5-HSi)� 9.6 Hz, 1H; 5-HRe), 4.16 (dd, 3J(4-H,5-
HRe)� 5.6 Hz, 2J(5-HRe,5-HSi)� 9.6 Hz, 1H; 5-HSi), 5.34 (dd, 3J(3a-H,P)�
11 Hz, 3J(2a-H,3a-H)� 12 Hz, 1H; 3a-H), 6.26 (ddd, 3J(1a-Hsyn,2a-H)� 7 Hz,
3J(1a-Hanti,2a-H)� 12 Hz, 3J(2a-H,3a-H)� 12 Hz, 1H; 2a-H), 7.07 (dd, 3J(8-
H,9-H)� 7.8 Hz, 3J(8-H,P)� 10 Hz, 1H; 8-H), 7.35 (m, 2H; 5a-H), 7.45 (m,
2H; 6a-H), 7.59 (m, 1H; 9-H), 7.65 (m, 1H; 7a-H), 7.67 (dddd, 5J(10-H,P)�
1 Hz, 4J(8-H,10-H)� 1 Hz, 3J(9-H,10-H)� 7.8 Hz, 3J(10-H,11-H)� 7.8 Hz,
1H; 10-H), 8.16 (ddd, 4J(9-H,11-H)� 1.1 Hz, 4J(11-H,P)� 4.4 Hz, 3J(10-
H,11-H)� 7.7 Hz, 1H; 11-H); 13C NMR: � 13.04 (C2s), 17.88 (C3s), 31.47
(C1s), 55.80 (C1a), 68.22 (C5), 69.95 (C4), 98.50 (C3a), 115.31 (C2a), 127.40
(C7a), ca. 128.20 (C6), ca. 128.90 (C7), 129.50 (C6a), ca. 132.00 (C9, C10), ca.
133.20 (C11), 134.05 (C5a), 134.95 (C8), 136.18 (C4a), ca. 164 (C2); 31P
NMR: � 22.90.


1xc (exo,cis): 3.5%; 1H NMR: � 0.36 (d, 3J(1s-H,2s-H)� 6.8 Hz, 3H; 2s-
H), 0.84 (d, 3J(1s-H,3s-H)� 6.8 Hz, 3H; 3s-H), 2.07 (dqq, 3J(4-H,1s-H)�
3.3 Hz, 3J(1s-H,2s-H)� 6.9 Hz, 3J(1s-H,3s-H)� 6.9 Hz, 1H; 1s-H), 4.03 (dd,
3J(2a-H,3a-Hanti)� 10 Hz, 3J(3a-Hanti,P)� 10 Hz, 1H; 3a-Hanti), 4.32 (d, 3J(1a-
H,2a-H)� 11.8 Hz, 1H; 1a-H), 4.37 (m, 1H; 5-HRe), 4.42 (m, 1H; 4-H), 4.62
(dd, 3J(4-H,5-HSi)�� 9 Hz, 2J(5-HSi,5-HRe)� 9Hz, 1H; 5-HSi), 4.91 (dd,
3J(3a-Hsyn,P)� 6 Hz, 3J(2a-H,3a-Hsyn)� 7.3 Hz, 1H; 3a-Hsyn), 6.46 (ddd, 3J(2a-
H,3a-Hsyn)� 7 Hz, 3J(2a-H,3a-Hanti)� 12 Hz, 3J(2a-H,3a-H) �12 Hz, 1H; 2a-
H),�7.10 (m, 1H; 8-H),�7.60 (m, 1H; 9-H), 7.68 (m, 1H; 10-H), 8.24 (ddd,
4J(9-H,11-H)� 1.1 Hz, 4J(11-H,P)� 4.4 Hz, 3J(10-H,11-H)� 7.7 Hz, 1H;
11-H); 13C NMR: � 14.22 (C2s), 17.84 (C3s), ca. 31.00 (C1s), 68.79 (C5),
75.00 (C1a), 77.34 (C4), 78.31 (C3a) 119.66 (C2a), 133.10 (C11), ca. 164 (C2);
31P NMR: � 19.83.


1nc (endo,cis): 1%; 1H NMR: � 0.19 (d, 3J(1s-H,2s-H)� 6.8 Hz, 3H; 2s-
H), 0.91 (d, 3J(1s-H,3s-H)� 6.8 Hz, 3H; 3s-H), 2.10 (m, 1H; 1s-H), 3.91 (dd,
3J(3a-Hanti,P)� 10.8 Hz, 3J(2a-H,3a-Hanti)� 13.4 Hz, 1H; 3a-Hanti), 4.42 (m,
1H; 4-H), 4.75 (dd, 3J(2a-H,3a-Hsyn)� 7.3 Hz, 3J(3a-Hsyn,P)� 7.5 Hz, 1H; 3a-
Hsyn), 4.83 (d, 3J(1a-H,2a-H)� 12 Hz, 1H; 1a-H), 6.31 (ddd, 3J(2a-H,3a-
Hsyn)� 7 Hz, 3J(2a-H,3a-Hanti)� 12 Hz, 3J(1a-H,2a-H)� 12 Hz, 1H; 2a-H);
13C NMR: � ca. 13.00 (C2s), 18.19 (C3s), 74.04 (C3a), 77.45 (C1a), ca.
115.00 (C2a), ca. 164 (C2); 31P NMR: � 23.79.


Elemental analysis (%) calcd for C33H33F6NOPPdSb (832.76): C 47.59, H
3.99, N 1.68, P 3.72; found: C 47.52, H 4.00, N 1.63, P 3.80.


(�3-1,3-Diphenylallyl)-{(4S)-[2-(2�-diphenylphosphanyl)phenyl]-4,5-dihy-
dro-4-(2-propyl)oxazole}palladium(��) hexafluoroantimonate (2): This
compound was prepared according to the general procedure from [{(�3-
1,3-diphenylallyl)PdCl}2] (105.4 mg, 0.157 mmol), L1 (129.2 mg,
0.346 mmol), and AgSbF6 (108.1 mg, 0.315 mmol). Crystals were grown
by the evaporation method from CH2Cl2/ethyl acetate at room temper-
ature. Yield of 2 : 151.0 mg (88%); m.p. 239 ± 241 �C; [�]20D ��374.6 (c�
2.48, CH2Cl2).


exo : 89%; 1H NMR (300.13 MHz, CDCl3, 20 �C): ��0.06 (d, 3J(1s-H,2s-
H)� 6.7 Hz, 3H; 2s-H), 0.27 (d, 3J(1s-H,3s-H)� 6.9 Hz, 3H; 3s-H), 1.59 (m,
1H; 1s-H), 3.12 (ddd, 3J(4-H,1s-H)� 3.5 Hz, 3J(4-H,5-HRe)� 4.9 Hz, 3J(4-
H,5-HSi)� 9.5 Hz, 1H; 4-H), 4.00 ± 4.12 (m, 3J(4-H,5-HRe)� 5.1 Hz, 3J(4-
H,5-HSi)� 9.1 Hz, 2J(5-HRe,5-HSi)� 9.1 Hz, 2H; 5-HRe, 5-HSi), 4.28 (d, 1J(1a-
H,2a-H)� 11.0 Hz, 1H; 1a-H), 5.84 (dd, 3J(3a-H,P)� 9.4 Hz, 3J(2a-H,3a-
H)� 13.8 Hz, 1H; 3a-H), 6.82 (dd, 3J(1a-H,2a-H)� 11.1 Hz, 3J(2a-H,3a-H)�


13.8 Hz, 1H; 2a-H), 6.87 ± 7.10 (m, 10H; Ar-H), 7.28 ± 7.66 (m, 11H; Ar-H),
7.81 (m, 2H; Ar-H), 8.12 (ddd, 4J(8-H,11-H)� 1.0 Hz, 4J(11-H,P)� 4.0 Hz,
3J(10-H,11-H)� 7.0 Hz, 1H; 11-H); 13C NMR (75.47 MHz, CDCl3, 20 �C):
� 13.26 (C3s), 18.01 (C2s), 30.88 (C1s), 68.09 (C5), 69.33 (C4), 70.87 (C1a),
100.24 (d, 2J3,P� 23 Hz, C3a), 111.56 (C2a), 127.06, 127.10, 128.51, 129.10,
129,24, 129.36, 129.51, 129.98, 130.98, 132.01, 132.50, 132.67, 133.01, 133.09,
133.17, 133.28, 133.80, 133.98, 135.24 (d, Ar-C), 127.22, 127.94, 129.65,
135.88, 135.96 (s, Ar-C), 164.16 (C2); 31P NMR (81.02 MHz, [D8]THF,
20 �C): � 22.67.


endo : 11%; 1H NMR (300.13 MHz, CDCl3, 20 �C): ��0.06 (d, 3J(1s-H,2s-
H)� 6.7 Hz, 3H; 2s-H), 0.76 (d, 3J(1s-H,3s-H)� 6.9 Hz, 3H; 3s-H), 2.09 (m,
1H; 1s-H), 3.40 (m, 1H; 4-H), 5.10 (d, 3J(1a-H,2a-H)� 12.0 Hz, 1H; 1a-H),
5.68 (dd, 3J(3a-H,P)� 11.0 Hz, 3J(2a-H,3a-H)� 11.0 Hz, 1H; 3a-H), 6.50 (dd,
3J(1a-H,2a-H)� 12.0 Hz, 3J(2a-H,3a-H)� 12.0 Hz, 1H; 2a-H), 8.06 (ddd,
4J(8-H,11-H)� 1.0 Hz, 4J(11-H,P)� 4.0 Hz, 3J(10-H,11-H)� 7.0 Hz, 1H;
11-H); 31P NMR (81.02 MHz, [D8]THF, 20 �C): � 26.94.


Elemental analysis (%) calcd for C39H37F6NOPPdSb (908.8): C 51.54, H
4.10, P 3.41; found: C 51.49, H 4.30, P 3.47.


(�3-1,1-Diphenylallyl)-{(4S)-[2-(2�-diphenylphosphanyl)phenyl]-4,5-dihy-
dro-4-(2-propyl)oxazole}palladium(��) perchlorate (3): This compound was
prepared according to the general procedure from [{(�3-1,1-diphenylal-
lyl)PdCl}2] (86.5 mg, 0.129 mmol), L1 (101.0 mg, 0.269 mmol), and AgClO4


(55.1 mg, 0.266 mmol). Crystals were grown by the diffusion method from
CH2Cl2/diethyl ether at �4 �C. Yield of 3 : 159.0 mg (80%); m.p. 248 ±
250 �C; [�]24D ��81.8 (c� 1.08, CHCl3); 1H NMR (500.13 MHz, CDCl3,
20 �C): ��0.10 (d, 3J(1s-H,2s-H)� 7.3 Hz, 3H; 2s-H), 0.43 (d, 3J(1s-H,3s-
H)� 6.9 Hz, 3H; 3s-H), 1.77 (dqq, 3J(4-H,1s-H)� 2.9 Hz, 3J(1s-H,2s-H)�
6.7 Hz, 3J(1s-H,3s-H)� 6.7 Hz, 1H; 1s-H), 2.62 (br s, 1H; 1a-Hanti), 3.44 (br s,
1H; 1a-Hsyn), 3.71 (br s, 1H; 4-H), 4.24 (dd, 3J(4-H,5-HRe)� 4.6 Hz, 2J(5-
HRe,5-HSi)� 9.4 Hz, 1H; 5-HRe), 4.36 (dd, 3J(4-H,5-HSi)� 9.7 Hz, 3J(5-
HRe,5-HSi)� 9.7 Hz, 1H; 5-HSi), 6.68 (dd, 3J(1a-Hsyn,2a-H)� 8.1 Hz, 3J(1a-
Hanti,2a-H)� 11.7 Hz, 1H; 2a-H), 6.88 (dd, 3J(2Si-H,3Si-H)� 7.6 Hz, 3J(2Si-
H,P)� 12.6 Hz, 2H; 2Si-H), 7.00 (ddd, 4J(8-H,10-H)� 1.2 Hz, 3J(8-H,9-
H)� 7.6 Hz, 3J(8-H,P)� 9.0 Hz, 1H; 8-H), 7.15 (m, 2H; 9a-H), 7.34 (m, 3H;
3Si-H, 11a-H), 7.36 (m, 4H; 2Re-H, 10a-H), 7.45 (dt, 4J(2Si-H,4Si-H)� 1.7 Hz,
3J(3Si-H,4Si-H)� 7.3 Hz, m, 1H; 4Si-H), 7.47 (m, 2H; 6a-H), 7.52 (m, 2H; 3Re-
H), 7.56 (m, 1H; 9-H), 7.58 (m, 2H; 5a-H), 7.60 (m, 1H; 4Re-H), 7.68 (m, 1H;
7a-H), 7.69 (dd, 3J(9-H,10-H)� 7.8 Hz, 3J(10-H,11-H)� 7.8 Hz, 1H; 10-H),
8.24 (ddd, 4J(8-H,11-H)� 1.1 Hz, 4J(11-H,P)� 4.4 Hz, 3J(10-H,11-H)�
8.1 Hz, 1H; 11-H); 13C NMR (125.76 MHz, CDCl3, 20 �C): � 12.37
(C3s), 18.09 (C2s), 30.45 (C1s), 50.88 (C1a), 67.93 (C5), 70.27 (C4), 113.24
(C2a), 127.26 (C4Re), 127.99 (C2Re), 128.37 (C6), 128.76 (C7), 129.14 (C9a),
129.72 (C3Re), 131.39 (C4Si), 132.18 (C2Si), 132.24 (C10), 132.48 (C5a), 133.29
(C9), 133.51 (C11), 133.70 (C7a), 134.57 (C8), 135.92 (C8a), 138.85 (C4a),
164.27 (C2); 31P NMR (202.46 MHz, CDCl3, 20 �C): � 26.61; elemental
analysis (%) calcd for C39H37ClNO5PPd (772.57): C 60.63, H 4.83, N 1.81;
found: C 60.24, H 5.11, N 1.85.


(�3-1,1,3-Triphenylallyl)-{(4S)-[2-(2�-diphenylphosphanyl)phenyl]-4,5-di-
hydro-4-(2-propyl)oxazole}palladium(��) hexafluoroantimonate (4): This
compound was prepared according to the general procedure from [{(�3-
1,1,3-triphenylallyl)PdCl}2] (206.0 mg, 0.250 mmol), L1 (196.0 mg,
0.525 mmol), and AgSbF6 (175.0 mg, 0.510 mmol). Crystals were grown
by the diffusion method from CH2Cl2/hexane at �20 �C. Yield of 4 :
443.0 mg (90%), light brown crystals; m.p. 145 ± 147 �C; [�]20D ��251.7
(c� 1.07, CHCl3); 1H NMR (600.13 MHz, CDCl3, 27 �C): � 0.08 (d, 3J(1s-
H,2s-H)� 6.8 Hz, 3H; 2s-H), 0.67 (d, 3J(1s-H,3s-H)� 6.8 Hz, 3H; 3s-H),
2.17 (dqq, 3J(4-H,1s-H)� 3.2 Hz, 3J(1s-H,2s-H)� 6.8 Hz, 3J(1s-H,3s-H)�
6.8 Hz, 1H; 1s-H), 3.62 (ddd, 3J(4-H,1s-H)� 3.2 Hz, 3J(4-H,5-HRe)� 5 Hz,
3J(4-H,5-HSi)� 10 Hz, 1H; 4-H), 4.10 (d, 3J(1a-H,2a-H)� 11.5 Hz, 1H; 1a-
H), 4.33 (dd, 3J(4-H,5-HRe)� 5 Hz, 2J(5-HRe,5-HSi)� 9.6 Hz, 1H; 5-HRe),
4.37 (dd, 3J(4-H,5-HSi)� 9 Hz, 2J(5-HSi,5-HRe)� 9.6 Hz, 1H; 5-HSi), 6.52
(dd, 3J(2Si-H,3Si-H)� 7.9 Hz, 3J(2Si-H,P)� 12.4 Hz, 2H; 2Si-H), 6.76 (dd,
3J(2Re-H,3Re-H)� 7.9 Hz, 3J(2Re-H,P)� 12.4 Hz, 2H; 2Re-H), 6.92 (d, 3J(13a-
H,14a-H)� 7.7 Hz, 2H; 13a-H), 7.04 (dd, 3J(13a-H,14a-H)� 7.7 Hz, 3J(14a-
H,15a-H)� 7.7 Hz, 2H; 14a-H), 7.04 (ddd, 4J(8-H,10-H)� 1.1 Hz, 3J(8-
H,P)� 7 Hz, 3J(8-H,9-H)� 7.7 Hz, 1H; 8-H), 7.13 (tt, 4J(13a-H,15a-H)�
1.1 Hz, 3J(14a-H,15a-H)� 7.7 Hz, 1H; 15a-H), 7.20 (d, 3J(1a-H,2a-H)�
11.5 Hz, 1H; 2a-H), 7.30 (m, 2H; 3Re-H), 7.31 (m, 2H; 3Si-H), 7.37 (m,
2H; 9a-H), 7.41 (m, 3H; 10a-H, 11a-H), 7.42 (m, 1H; 4Re-H), 7.47 (m, 3H; 6a-
H, 7a-H), 7.53 (t, 3J(3Si-H,4Si-H)� 7.7 Hz, 1H; 4Si-H), 7.58 (dd, 3J(8-H,9-
H)� 7.7 Hz, 3J(9-H,10-H)� 7.7 Hz, 1H; 9-H), 7.74 (dddd, 5J(10-H,P)�
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1.1 Hz, 4J(8-H,10-H)� 1.1 Hz, 3J(9-H,10-H)� 7.7 Hz, 3J(10-H,11-H)�
7.7 Hz, 1H; 10-H), 7.89 (m, 2H; 5a-H), 8.26 (ddd, 4J(9-H,11-H)� 1.1 Hz,
4J(11-H,P)� 4.4 Hz, 3J(10-H,11-H)� 7.7 Hz, 1H; 11-H); 13C NMR
(125.76 MHz, CDCl3, 27 �C): � 11.67 (C3s), 16.56 (C2s), 30.10 (C1s),
67.15 (C5), 68.67 (C4), 70.09 (C1a), 108.14 (C2a), 118.10 (C3a), 125.00 (C1Re),
125.55 (C1Si), 126.10 (C13a), 126.31 (C15a), 126.90 (C5a), 127.57 (C14a),
127.85 (C4Re), 127.87 (C6), 128.00 (C3Re), 128.05 (C3Si), 128.38 (C7), 128.50
(C6a, C7a), 128.80 (C10a), 128.95 (C9a), 130.10 (C4Si), 131.00 (C11a), 131.24
(C10), 131.81 (C2Si), 132.14 (C11), 132.36 (C9), 132.73 (C2Re), 135.55 (C8a),
136.62 (C8), 136.78 (C12a), 137.77 (C4a), 163.60 (C2); 31P NMR
(202.46 MHz, CDCl3, 27 �C): � 21.81; elemental analysis (%) calcd for
C45H41F6NOPPdSb (984.95): C 54.88, H 4.20, N 1.42, P 3.14; found: C 54.83,
H 4.27, N 1.38, P 3.39.
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Calix[6]pyrrole and Hybrid Calix[n]furan[m]pyrroles (n�m� 6):
Syntheses and Host ±Guest Chemistry


Grazia Cafeo,[a] Franz H. Kohnke,*[a] Giovanna L. La Torre,[a] Melchiorre F. Parisi,[a]
Rosetta Pistone Nascone,[a] Andrew J. P. White,[b] and David J. Williams[b]


Abstract: Calix[6]pyrrole 2 and the ™hy-
brid systems∫ calix[3]furan[3]pyrrole 12,
calix[2]furan[4]pyrrole 13, and calix[1]-
furan[5]pyrrole 14, have been synthe-
sized by increasing conversion of the
furan units present in the readily acces-
sible calix[6]furan 3 to pyrroles. The
host ± guest chemistry of these novel


macrocycles towards a number of
anions, including halogen ions, dihydro-
gen phosphate, hydrogen sulfate, nitrate,
and cyanide has been investigated in


solution by 1H NMR titration techni-
ques and/or phase transfer experiments.
The solid-state structures of the free
receptors 2, 12, and 13, the 1:1 com-
plexes of calix[6]pyrrole 2 with chloride
and bromide, and the 1:1 complex of 14
with chloride are also reported.


Keywords: anions ¥ calixarenes ¥
N ligands ¥ structure elucidation


Introduction


The extensive development of the supramolecular chemistry
of calixarenes[1] has promoted, over recent years, a growing
interest in exploring the synthesis and host ± guest chemistry
of analogues of these macrocycles in which the benzo rings are
replaced by heterocyclic units.[2] In particular, following the
discovery by Sessler et al. that calix[4]pyrroles such as 1 are
capable of binding a range of anions and neutral molecules,[3]


the supramolecular chemistry of this class of macrocycles has
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become a rapidly expanding field of research. The anion
binding properties of calix[4]pyrrole derivatives have been
exploited in the development of optical sensors,[4] for the
construction of ion selective electrodes,[5] and for applications
in chromatographic separation techniques.[3b, 6] However, the
extension of these studies to include calixpyrroles containing
more than four pyrrole units was severely hampered by the
very low yields with which they are formed in the crude
mixtures obtained by the acid-promoted condensation of
pyrrole and ketones.[7] Moreover, larger calixpyrroles undergo
a ™molecular mitosis∫[8] reaction, even under mild acidic
conditions, to form the more thermodynamically stable
tetramer, and this in part accounts for the difficulties
encountered in their separation. Only recently has a way to
overcome this limitation been found[8a] by the direct con-
densation of 3,4-difluoro-1H-pyrrole and acetone under
kinetic control to yield the corresponding �-fluorinated
calix[n]pyrroles (n� 5, 8). Other routes to the synthesis of
large calix[n]pyrroles include the assembly of a calix[5]pyrrole
onto a calix[5]arene framework, which in turn also acts as a
template for the assembly process[9] (though, this bis-macro-
cycle could not subsequently be separated into its two
macrocyclic components), and the synthesis of a calix[6]pyr-
role by the use of intermediate 1:2 condensation products of
arylketones and pyrrole.[10a] A study on the host ± guest
chemistry of the latter compound bearing pairs of phenyl
groups at the 1,3,5-meso-positions has recently been publish-
ed[10b] subsequent to our preliminary account of some of the
results which are now fully described in this paper.[11]


Calix[4]pyrroles bind anions and neutral molecules by
means of multiple hydrogen bonds between the pyrrole NH
units of the host and electron-rich binding sites in the guests.
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Anions, which are electron-rich species, are therefore ideal
guests.[12] Moreover, a prerequisite for the efficient use of the
NH units in the binding process is that the macrocycle is able
to adopt a conformation in which these can converge towards
the guest. However, calix[4]pyrroles are too small to accom-
modate any anion by inclusion, but they achieve complexation
through a perching conformation wherein the NH units are
oriented towards the anion which is positioned on one face of
the macroring. These features have been clearly demonstrat-
ed in the work of Sessler et al. and are also consistent with the
results of computational studies.[13] We therefore anticipated
that the calix[6]pyrrole 2 would exhibit enhanced anion
binding abilities with respect to 1 as it has: 1) the potential to
form twomore NH hydrogen bonds, and 2) a larger cavity that
should be able to accommodate guests such as chloride and
bromide by inclusion. Inclusion of guest species may also
provide the means for selectivity by size discrimination.[14]


In view of these considerations, we decided to investigate
the synthesis of calix[6]pyrrole 2 by conversion of the furan
units present in the readily accessible calix[6]furan 3 to
pyrroles.[15] Furthermore, it was anticipated that the conver-
sion of only some of the furan units to pyrroles would yield
™hybrid∫ calix[n]furan[m]pyrroles (m � n� 6) which were
also likely to exhibit interesting host ± guest chemistry (vide
infra).[16]


Results and Discussion


Syntheses and X-ray structures of calix[6]pyrrole (2) and
calix[n]furan[m]pyrroles : Our synthetic strategy is based on
the use of the furan units as masked 1,4-diketones which can
then be subjected to the Pall ±Knorr pyrrole synthesis[17]


(Scheme 1). Following the procedure described by Le Goff
and Williams,[18] calix[6]furan 3 was converted into the
corresponding eneketone 4 by oxidative ring-opening of the
furan units with m-chloroperbenzoic acid (MCPA), and
selective reduction of the olefinic double bonds gave the
dodecaketone 5.[19] Treatment of this compound with excess
ammonium acetate in refluxing ethanol gave calix[6]pyrrole 2.
The yield of this reaction (42%) is remarkably good consid-
ering that the formation of 2 from 5 requires six cyclization
steps.


Crystals of 2 suitable for X-ray analysis were obtained from
ethanol. The X-ray crystal structure of 2 showed the crystals to
be solvated with both water and ethanol; the former is located
within the macrocycle cavity whilst the latter is disordered and
lies outside. The macrocycle has a distinctly folded tennis-ball
seam-like conformation (Figure 1), which is almost certainly
derived from the maximization of the possible host ± guest
interactions. Thus here, contrary to expectations for a
spherical anionic species, only three of the six pyrrole NH
groups are directed inwards; the remaining three point
outwards. Despite this arrangement, the water molecule is
involved in no fewer than six host ± guest interactions, three
N�H ¥¥¥O hydrogen bonds and three O�H ¥¥¥� interac-
tions.[11a] The binding of the water molecule observed here is
in accord with that predicted theoretically[20a] and demonstrated
experimentally[20b] for the solvation of water by pyrrole.
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Scheme 1. The conversion of calix[6]furan 3 to calix[6]pyrrole 2, calix[3]-
furan[3]pyrrole 12, calix[2]furan[4]pyrrole 13, and calix[1]furan[5]pyrrole
14. Reaction conditions: a) 6 equiv MCPA, CHCl3; b) 4 equiv MCPA,
CHCl3; c) Zn/AcOH; d) H2, Pd/C; e) AcONH4, EtOH.


The synthesis of ™hybrid∫ calix[n]furan[m]pyrroles from
calix[6]furan 3 can be achieved through its initial treatment
with less than six equivalents of MCPA. In principle, the
oxidation of three or four furan units could in either case lead
to two sets of three isomeric products. These may differ with
respect to the relative regiochemistry of the rings affected by
the oxidation. However, treatment with four moles of MCPA
(Scheme 1) gave the ™1,3,5∫ and the ™1,2,4,6∫ oxidation
products 6 (24%) and 7 (52%), respectively, together with a
minor amount of the eneketone 8 (14%) containing just one
furan ring. No other oxidation products could be isolated from
the crude mixture. Whilst the origin of the regioselectivity of
these oxidations is not clear, it enhanced the yields and
considerably simplified the isolation of the intermediates,
which were converted into the corresponding calix[3]fur-
an[3]pyrrole 12, calix[2]furan[4]pyrrole 13, and calix[1]fur-
an[5]pyrrole 14, as described above for calix[6]pyrrole 2. The
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Figure 1. The solid-state structure of 2 showing the tennis-ball seam-like
conformation, the encapsulated water molecule, and the host ± guest
N�H ¥¥¥O and O�H ¥¥¥� interactions.


accomplishment of the cyclization reactions producing 12, 13,
and 14was immediately evident on the bases of their 1H NMR
spectra. These had resonances consistent with time-averaged
planar conformations and with consequent D3h, D2h, and C2v


symmetries, respectively.
Single crystals of 12 were obtained from EtOH. The X-ray


structure, in contrast to 2, did not contain any bound solvent
molecules. However, a similar folded tennis-ball seam-like
conformation was still adopted (Figure 2). Here, the central


Figure 2. The tennis-ball seam-like geometry adopted by 12 in the solid
state showing the intramolecular N�H ¥¥¥O and C�H ¥¥¥� stabilizing
interactions.


cavity is essentially self-filling though there is a small cleft
between the O(1) and O(5) furan rings, which are separated
by approximately 5.4 ä. In the crystal, this cleft is partially
filled by the edge of the O(1) furan ring of a centrosymmetri-
cally related molecule. The conformation is to some extent
stabilized by a pair of intramolecular N�H ¥¥¥O hydrogen
bonds between adjacent pyrrole and furan rings and a weak
transannular C�H ¥¥¥� interaction between one of the iso-


propylidene methyl groups and the N(2) containing pyrrole
ring.


Crystals of 13were obtained from EtOH. An X-ray analysis
indicated that the crystals contained two independent Ci


symmetric molecules in the unit cell. Both molecules have
virtually identical conformations that differ substantially from
those observed for both the complexed (vide infra) and
uncomplexed calix[6]pyrrole 2 and from the calix[3]furan[3]-
pyrrole 12 analyzed in this study. The molecule has an
extended geometry (Figure 3), and a backbone (comprising


Figure 3. One of the pair of independent Ci symmetric molecules of 13
present in the solid state showing the intramolecular N�H ¥¥¥O stabilizing
interactions, and the filling of the central cavity by the inwardly directed
isopropylidene methyl groups.


the six quaternary isopropylidene carbon atoms) that has a
pronounced zigzag pattern. In contrast, the six heteroatoms
are coplanar to within 0.07 ä. Four of the rings (those
containing O(1), N(2), O(1�), and N(2�)) are approximately
equally inclined by around 35� to this plane and have their
heteroatoms oriented inwards towards the macroring center,
whilst the other two (those containing N(3) and N(3�)) are
aligned orthogonally. The macrocycles are self-filling, and the
central cavity is occupied by the inwardly directed C(15)
methyl groups. The conformations are to some extent con-
strained by the presence of N�H ¥¥¥O hydrogen bonds
between the adjacent O(1) and N(2)–and by symmetry,
O(1�) and N(2�)–containing furan and pyrrole rings. The
crystals also contain molecules of ethanol in stoichiometric
proportions that are linked by N�H ¥¥¥O hydrogen bonds to
the N(3)-containing pyrrole rings. Although the hydroxy
hydrogen atoms of the ethanol molecules could not be
located, if they are placed in ideal staggered geometries with
respect to the carbon backbone, they point directly towards
the N(2) pyrrole ring center at a distance of only approx-
imately 2.3 ä. This distance would be consistent with an
O�H ¥¥¥� interaction very similar to that observed between
water and 2 (vide supra). There are no other dominant
intermolecular interactions worthy of note.
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Unfortunately, all our attempts to grow single crystals of the
calix[1]furan[5]pyrrole 14 from a range of different solvents
have so far failed (vide infra).


Complexation studies; general remarks : On the bases of the
previously reported data on the complexing ability of
calix[4]pyrroles,[3c] we chose to screen the binding abilities
of the new macrocycles towards halogen anions, dihydrogen
phosphate, hydrogen sulfate, nitrate, and cyanide. Nitrate was
included because of its symmetry relationship with calix[6]-
pyrrole 2 and calix[3]furan[3]pyrrole 12 (D3h versus time-
averaged D6h and D3h, respectively). Cyanide was included
because of its linear shape and favorable length for potentially
bridging between the pyrrole
NH units in calix[2]furan[4]-
pyrrole 13. The formation of
complexes in solution was in-
vestigated by the analysis of
changes in the 1H NMR spec-
tra of the macrocycles upon
addition of the different
anions[21] as their n-tetrabutyl-
ammonium salts in CD2Cl2 at
21 �C. The presence of trace
quantities of water in CD2Cl2
was expected to have a sub-
stantial effect in lowering the
host ± guest binding constants
(Kas) of the macrocycles un-
der investigation towards the
selected anions.[22] As was ob-
served in the X-ray structure
of 2, water has the potential to
compete with the anions for
binding to the macrocycles.
Similarly, it could also com-
pete with the NH units by
solvating the anions. However, strictly anhydrous conditions
are not only experimentally difficult to achieve and maintain,
but also unrealistic, since adventitious water is invariably
present in any ™real∫ medium. Thus, the 1H NMR titration
experiments described below fall into two categories: 1) those
conducted in D2O-saturated CD2Cl2 (0.18%, v/v) indicated as
™wet conditions∫ in the following discussion, and 2) those
determined in CD2Cl2 in which the content of water was kept
as low as possible, but without the use of special techniques to
achieve strictly anhydrous conditions. TheKa values measured
under these latter conditions should be regarded as minimum
values that can be achieved in truly dry CD2Cl2. For the sake
of convenience, experiments in ™almost dry∫ CD2Cl2 are
indicated as ™dry conditions∫ in the following discussion. The
Ka values were obtained from the titration data (�obs for the
NH resonances versus anion concentration; for [14 ¥ Br�], the
�obs used was that of the pyrrole CH resonances vide infra)
using the WinEQNMR program.[23] In some cases Ka values
were found to be too high to be determined by NMR
methods,[21] but they were determined by the Cram extraction
method[24, 25] using D2O/CD2Cl2 at 16 �C. The Ka values
obtained in this way should be compared only very carefully


with those obtained by NMR titration, not only because of the
different temperatures at which the two types of determina-
tions were conducted, but also because of the approximations
associated with the Cram method. Finally, in several cases
(vide infra), the Ka value of the macrocycle under investiga-
tion towards a given anion could only be evaluated by
competitive binding with another macrocycle with a knownKa


for that anion.[26] We used calix[4]pyrrole 1 as the ™reference
macrocycle∫ and since the Ka values of 1 for fluoride and
chloride in wet CD2Cl2 were not available in the literature,
these were determined as part of the present study. A
summary of the Ka values obtained in this study is given in
Table 1.


Complexation studies with calix[6]pyrrole 2 : The addition of
fluoride or chloride to 2 revealed the formation of strong
complexes, which were also kinetically slow on the NMR
time-scale. The signals for the NH protons, which resonate at
�� 7.68 ppm in the free host, appeared at �� 10.92 and
10.91 ppm in the fluoride and chloride complexes, respective-
ly. Moreover, the intensity of the signals for the complexes
corresponded (within experimental error) to the amount of
salt added. When the CD2Cl2 was previously saturated with
D2O, a titration experiment with fluoride gave a qualitative
indication of the formation of a kinetically fast complex. In
fact, the free host and the complex no longer had distinct sets
of resonances. However, the peak due to the NH protons
disappeared when approximately 0.5 equivalents of salt had
been added. In the case of chloride, the presence of water had
only barely visible effects: the meso-methyl groups that
appeared as two clearly distinct singlets in dry CD2Cl2, were
now almost coalesced to a single resonance. As a result, the
determination of the association constants Ka by the 1H NMR
titration method[21] was not possible and they were therefore
determined by the Cram extraction method.[24] The Ka values
found for fluoride and chloride were 33� 3 and 12800�


Table 1. Association constants (Ka , ��1) for the 1:1 complexes of the nBu4N� salts of the listed anions and
macrocycles.[a]


1 2 14 13 12


F� 2.7� 103� 200[b] 33� 3[e] ±[f] ±[f] ±[h]


ca. 3.2� 105[g] 5.7� 104� 9� 103[g]


Cl� 46� 8[b] 1.2� 104� 103[e] 5.5� 103� 600[e] 65� 8[b] ±[h]


Br� 10[d] 710� 25[c] 69� 8[c] ±[h]


57� 2[b] � 10[b]


I� � 10[d] ±[h] ±[h] ±[h] ±[h]


H2PO4
� 97� 4[d] ±[i] ±[h] ±[h] ±[h]


HSO4
� � 10[d] ca. 10[c] ±[h] ±[h] ±[h]


NO3
� � 10[d] 16� 0.4[c] � 10[c] ±[h] ±[h]


CN� � 10[b] ca. 102[b] ±[i] � 102[b] ±[h]


[a] Where applicable, values obtained for each anion by the same method have been listed on the same
line.[b] Measured by NMR titration in D2O saturated CD2Cl2. [c] Measured by NMR titration in ™dry∫ CD2Cl2.
[d] From ref. [3c], measured by NMR titration in ™dry∫ CD2Cl2.[e] Determined with the Cram extraction method.
[f] Ka is too high to be determined by NMR titration methods, but the compound is also ineffective as a phase
transfer agent between D2O and CD2Cl2; thus, the Cram method cannot be used. [g] Measured by competition
experiment using calix[4]pyrrole 1 as competitor. [h] No detectable binding observed in either dry or wet CD2Cl2.
[i] An interaction is observed, but the NH resonances disappeared upon addition of the salt; thus, theKa could not
be measured.
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1300��1, respectively. ThisKa value for fluoride is surprisingly
low, but we believe this result to be of only marginal
significance. Indeed this determination is likely to have been
considerably more affected by the high hydration energy[27] of
this anion compared to that of the others screened, and by the
limitations of the extraction method. In fact, a competitive
binding experiment[26] with a 1:1 mixture of 1 and 2 in wet
CD2Cl2 indicates (1H NMR data) that Ka [2 ¥ F�] is approx-
imately 120 times greater than Ka [1 ¥ F�].


The addition of bromide to 2 in dry CD2Cl2 revealed
complexation-induced shifts (CISs) consistent with a kineti-
cally fast process, and the titration data gave a Ka value of
710� 25��1 using the WinEQNMR program.[23] The titration
data in wet conditions gave a Ka value of 57� 2��1.


No significant interaction could be detected between 2 and
iodide either by 1H NMR, or by extraction experiments.


Upon addition of dihydrogen phosphate in either dry or wet
CD2Cl2 or CD3CN, the NH resonances ™disappeared∫. This
behavior prevented the collection of titration data. However,
we rule out any significant interaction, because the modest
CIS normally observed for the �-pyrrole protons upon
formation of the complexes with the other anions are absent
here. Moreover, 2was ineffective as a phase-transfer agent for
dihydrogen phosphate.


Hydrogen sulfate and nitrate were found to bind weakly in
dry CD2Cl2 (Ka� 10��1 and 16� 0.4��1, respectively).


The addition of cyanide produced distinctive CIS for the
NH resonances in both dry and wet CD2Cl2. However, upon
addition of larger amounts of salt, one additional resonance
for the NH protons became visible at �� 10.91. As more salt
was added, one NH resonance moved further downfield and
gradually decreasing in intensity, and that at �� 10.91
increased accordingly (Figure 4). We believe that this behav-


Figure 4. The 1H NMR spectra showing the CIS for the NH resonances of
calix[6]pyrrole 2 upon addition of the indicated amounts nBuN4CN
containing also nBuN4Cl and nBuN4F (ca. 10% overall). The spectra are
recorded in dry CD2Cl2 at concentrations of 2 in the range 3 ± 5� 10�3�.


ior is due to the presence of chloride and fluoride as
contaminants in the (commercial) sample of n-tetrabutylam-
monium cyanide; this presence was also confirmed by
chromatographic analyses. Thus, in the initial stages of the
titration the behavior is characterized by the complexation of
cyanide, but as the stoichiometric proportion of salt is
increased (and consequently that of the contaminants), the
higher binding ability of 2 towards chloride and fluoride is
responsible for the displacement of cyanide from the [2 ¥ CN�]
complex and for the predominant formation of more stable
[2 ¥ X�] complexes. Unfortunately, we could not obtain a purer
sample of the cyanide salt, nor establish with sufficient
accuracy the exact amount of each of the contaminants. By a
number of crude approximations (Ka[2 ¥ X�]�Ka[2 ¥ CN�],
approximately 10% X� as contaminant) we estimate that 2
binds cyanide with a Ka of a few hundred ��1 in wet CD2Cl2
and approaches one thousand ��1 in ™dry∫ conditions. We
exclude the possibility of an equilibrium between two differ-
ent complexes of cyanide with 2 because the spectral changes
described above were reproduced and magnified using a
cyanide solution to which an additional 10% of chloride salt
had been added.


To date, crystalline inclusion complexes of calix[6]pyrrole 2
with the screened anions have only been obtained with
chloride and bromide as their n-tetrabutylammonium salts.
The X-ray analyses of the 1:1 complexes[11b] indicate that the
two structures are isomorphous (Figure 5). The host macro-
cycle is seen to have undergone a substantial conformational


Figure 5. Ball-and-stick representation of the solid-state structure of
[2 ¥ Br�] showing the N�H ¥¥¥ Br hydrogen bonding and the elevation of
the bromide ion out of the plane of the six pyrrole nitrogen atoms.


change from that observed for the 1:1 complex with water.[11a]


Here, the complex adopts approximateD3d symmetry with all
six NH groups directed inwards towards the centrally bound
halide anion. The hydrogen bonding geometries for the
chloride complex are very similar to those observed[3c] in the
smaller tetrapyrrole analogue 1. A noticeable and significant
difference between the two complexes is the degree of
displacement of the anion out of the plane of the six nitrogen
atoms, and the associated departures from D3d symmetry in
the host. In [2 ¥ Cl�], the chloride ion lies approximately
0.37 ä out of the plane of the six heteroatoms, whereas for the
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bromide this displacement is 0.69 ä. These changes in the
anion positions are accompanied by associated folding of
™upper∫ and ™lower∫ isopropylidene groups towards and
away from the molecular C3 axis, respectively. In [2 ¥ Cl�], the
mean C ¥¥¥ C separations between the inwardly directed
methyl groups of the ™upper∫ and ™lower∫ set of isopropyl-
idene groups are 5.25 and 4.40 ä, respectively, whilst in [2 ¥
Br�] these distances are 5.62 and 4.31 ä, respectively. We
conjecture that our failure to complex iodide may be due to
the fact that to achieve analogous linear N�H ¥¥¥ I hydrogen
bonding would place too great a strain on the ring conforma-
tion and cause steric overcrowding of the ™lower∫ inwardly-
directed isopropylidene methyl groups.[28] The differences in
the two solid-state structures are consistent with the ability of
2 to discriminate between the two halogen anions (chloride
and bromide) by size. The anions, cations, and solvent
molecules are all well separated in both structures, and there
are no significant intermolecular interactions.


Complexation studies with calix[3]furan[3]pyrrole 12 : The
addition of any of the selected anions did not cause any visible
change in the 1H NMR spectrum of this macrocycle in either
dry or wet CD2Cl2. This compound was also found to be
ineffective as a phase transfer agent between D2O and CD2Cl2
for any of the selected anions.


Complexation studies with calix[2]furan[4]pyrrole 13 : The
1H NMR titration experiments of calix[2]furan[4]pyrrole 13
with fluoride in dry CD2Cl2 did not yield a Ka value because
the complexation is both kinetically slow and too strong to be
evaluated by this technique. Changes in the NMR spectrum
included the presence of a novel doublet at �� 12.87 ppm for
the NH protons of the complex which are coupled to the
fluoride (JF,H� 29.2 Hz) and which normally resonate as a
singlet at �� 7.70 ppm in the free macrocycle.[29] The ABX
systems due to the �-pyrrole protons in the complex undergo a
small but significant upfield CISs (average ��� 0.22 ppm);
the furan protons appear unaffected. These spectral changes
are consistent with the complexation of fluoride by inclusion
and with a passive role being adopted by the furan rings, which
appear to act just as spacers.


In a competitive binding experiment using a 1:1 mixture of
1 and 13 (10�2� of each in wet CD2Cl2), theKa for [13 ¥ F�] was
found to be 21.2� 1.8 times larger that for [1 ¥ F�], that is,
5.7� 104� 9� 103��1.


The addition of chloride to calix[2]furan[4]pyrrole 13 in dry
CD2Cl2 caused the NH resonance to ™disappear∫. In the
course of the titration, the pyrrole �-protons undergo changes
leading to overlapping signals and finally in the presence of
one equivalent of chloride, the aromatic resonances appear
similar to those described above for the fluoride complex.
However, in wet conditions, the aromatic resonances ap-
peared sufficiently resolved to allow the use of titration data
to obtain a Ka of 65� 8��1.


Attempts to determine the Ka values for the complexation
of fluoride and chloride by the extraction method were
fruitless because calix[2]furan[4]pyrrole was not effective as a
phase transfer agent for these anions. Moreover, the 1H NMR
spectrum of 13 in wet CD2Cl2 had small but significant


downfield shifts for the NH and the furan CH resonances
(��� 0.28 and 0.06 ppm, respectively) compared to those
under dry conditions. This observation suggests that water is
effectively competing with the anions in the binding process,
although no conclusive evidence was found for the water
being bound by inclusion.


The 1H NMR titration with bromide (dry CD2Cl2) shows
modest CIS for the NH signal, from which a Ka� 10��1 was
estimated.


No CISs were observed (dry CD2Cl2) after the addition of
dihydrogen phosphate, hydrogen sulfate, and nitrate. More-
over, none of these salts were extracted from D2O in CD2Cl2
by 13.


The CISs produced by the addition of cyanide (wet CD2Cl2)
indicate a substantial binding of this anion. The Ka could not
be determined due to the same type of interferences described
for calix[6]pyrrole 2, and which are even greater here because
theKa of 13 for cyanide can be seen (qualitatively) to be lower
than that of 2.


Complexation studies with calix[1]furan[5]pyrrole 14 : The
addition of fluoride in dry CD2Cl2 caused dramatic changes in
the 1H NMR spectrum of l4, which were consistent with
strong binding (too high to be determined by 1H NMR
methods) and slow kinetic behavior. The changes can be best
appreciated for the NH and aromatic protons (Figure 6),


Figure 6. The 1H NMR spectra of 14 and of its fluoride complex showing
the significant CISs.


because the methyl resonances partly overlap with those of
the n-butylammonium cation. The NH resonances are all
shifted to low field in the complex, with a ™crossover∫ of their
� values by which the ™unique∫ NH proton appears at ��
12.67, a value that is lower than those (�� 12.47 and 10.86,
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respectively) owing to the other pairs of NH protons. All of
these resonances have a coupling with fluoride. The larger the
�� experienced by the NH resonances, the larger the coupling
(JF,H� 38, 36, and 10 Hz for the ™unique∫ and for the two pairs
of NH protons, respectively). These observations are consis-
tent with the fluoride occupying a time-averaged position
which does not coincide with the center of the macrocycle but
is displaced towards the ™unique∫ pyrrole unit. The aromatic
protons are all shifted upfield in the complex. These CISs
were similarly observed in wet CD2Cl2.


Considering the rather meaningless figure obtained for the
Ka value of [2 ¥ F�] by the Cram method, this measurement
was not attempted for [14 ¥ F�]. Moreover, an evaluation of
the Ka by competition experiments with either 1 or 2 was
prevented by the overlapping and broadening of the NH
resonances of 14 in the course of the titration.


The Ka value with chloride could not be measured by
1H NMR titration because it was too large and the complex-
ation was kinetically slow in both dry and wet CD2Cl2. The
aromatic resonances appeared very similar to those observed
for the fluoride complex, but the NH protons resonate within
a considerably narrower range and partially overlap to give
two signals (at �� 11.52 and 11.58 in dry/wet CD2Cl2). The
Cram extraction method gave a Ka value of 5.5�103�600��1.


Bromide was found to form a weak complex for which a Ka


of 69� 8��1 was measured by NMR titration in dry CD2Cl2.
We could obtain no evidence for the binding of iodide,


dihydrogen phosphate, or hydrogen sulfate. However, a weak
binding (below 10��1) with nitrate could be measured in dry
CD2Cl2.


The addition of cyanide caused a broadening of the NH
resonances preventing an estimate of the Ka value.


After a number of fruitless attempts to obtain single crystals
of the chloride complex of 14 using the n-tetrabutylammo-
nium salt, we decided to test the possibility of growing crystals
using KCl and [18]crown-6. Thus, by using sonication we
extracted a solid sample of KCl with an equimolar solution of
the two macrocycles in CH2Cl2. After filtration, the solvent
was removed and the residue was redissolved in CH3CN. Slow
evaporation of solvent gave single crystals of a ™salt∫. The
X-ray structure (Figure 7) shows that the crystals are the
adduct formed between calix[1]furan[5]pyrrole, [18]crown-6
and potassium chloride. The chloride and potassium ions are
positioned on independent inversion centers, the former sited
centrally within the calix[1]furan[5]pyrrole macrocycle and
the latter complexed within the [18]crown-6 moiety. The
calix[1]furan[5]pyrrole adopts a conformation essentially
identical to that of the 1:1 complex between calix[6]pyrrole
and chloride (vide supra). The location of the furan ring
within the macrocycle is not resolved, and is therefore
randomized uniformly throughout the crystal about all six
possible positions. The N/O ¥¥¥ Cl distances range between
3.225(2) and 3.291(2) ä; essentially the same values as those
seen for the calix[6]pyrrole complex. However, here the
chloride anion lies within the plane of the six heteroatoms
(which are coplanar to within 0.009 ä), whereas with 2, a
pseudo perching geometry is observed with the chloride lying
0.37 ä ™above∫ the heteroatom plane. Also here the mean
separations of both the ™upper∫ and ™lower∫ isopropylidene


Figure 7. Crystal packing of the ™supramolecular salt∫ [14 ¥ Cl�][[18]crown-
6 ¥K�]. Although the position of the furan ring within the macrocycle could
not be determined, since they are randomly distributed among the six
possible sites in 14, it has been assigned a specific location for illustrative
purposes. Acetonitrile solvent molecules are not shown for the sake of
clarity.


carbon atoms are the same at about 4.80 ä. The potassium
[18]crown-6 unit has conventional[30] D3d symmetry with
K ¥¥¥O distances in the range 2.752(2) ± 2.802(2) ä with the
potassium atom lying 0.17 ä out of the planes of the upper
and lower triads of ether oxygen atoms. The potassium and
chloride ions are remote from each other in the structure with
a minimum inter-atomic separation of 7.80 ä. There are no
significant interactions between the two complexes, although
in this unusual[31] salt the KCl must clearly have acted as an
initial template for the formation of this cocrystal containing
the two different macrocyclic species. This result is of
particular interest in light of the aforementioned failure to
obtain suitable crystals of the calix[1]furan[5]pyrrole compo-
nent by itself.


Conclusion


A comparison of the data obtained for the binding of the
macrocycles 2, 14, 13, and 12 with the screened anions must
take into account that not all of the Ka values were
determined under identical conditions nor by the same
method. However, some key features emerge.


All of these compounds exhibit a wide range of selectivities
towards the screened anions as demonstrated by the different
values of the Kas for a given macrocycle. For each halogen
anion, the Kas increase with the number of NH units present
in the macrocycle. In the case of 12, it appears that just three
widely spaced NH pyrrole units are not sufficient to provide
interactions that are large enough to achieve a detectable
complexation.[32]


The larger Ka value obtained for 13 with fluoride with
respect to that of 1 is an indication of the favorable effect of a
larger cavity size while the number of pyrrole units is kept
constant. The corresponding data for chloride also appear to
be similarly influenced, although less substantially. We also
note that 13 exhibits considerably greater selectivity between
fluoride and chloride than 1.
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However, the lack of binding observed for 13 towards
iodide, dihydrogen phosphate, and hydrogen sulfate, com-
pared to the complexations observed with 1, indicates that
cavity size and the number of NH units are not the only
factors that come into play, especially in the case of non-
spherical anions. This is also confirmed by the negligible
differences in the Ka values of 1 and 2 for hydrogen sulfate
and nitrate. It is also interesting to note that cyanide interacts
very weakly (if at all) with 1 but significantly with 2 and 13
(with decreasing strengths respectively).


The data presented here provide clues for the use of pyrrole
units as components of two- and three-dimensional scaffolds
for the construction of anion receptors. The study of complex-
ation processes of the calixpyrroles and ™hybrid∫ calixfur-
anpyrrole reported here but involving other anionic and
neutral species is in progress.


Experimental Section


General methods and instrumentation : All chemicals were standard
reagent grade and were used without further purification. All air-sensitive
and/or moisture sensitive reactions were conducted under a dry argon
atmosphere. Thin layer chromatography (TLC) was conducted on Merck
SiO2 60F254 plastic plates. Compounds were visualized with iodine, vanilin,
or by examination under UV light. Column chromatography was con-
ducted on Aldrich silica gel 230 ± 400 mesh, 60 ä. 1H and 13C NMR spectra
were recorded on Varian Gemini-300 at 300 and 75 MHz respectively using
the residual proton resonances of the solvents (CDCl3, CD3CN, and
CD2Cl2) as reference. Electron impact (EI) and positive fast atom
bombardment (FAB, m-nitrobenzyl alcohol as matrix) mass spectra were
measured on a Finnigan Mat 90 spectrometer operated by Dr. Marcello
Saitta. ESI-MS and MALDI-TOF mass spectra were acquired on a ESI-
Mariner (Applyed Biosistem) and a Voyager SRTequipped with reflectron
from PerSeptive Biosystem, FraminghamMA, fitted with a pulsed nitrogen
laser (337 nm) with a 3 ns pulse duration using 2,4,6-trihydroxyacetophe-
none (THAP) matrix by Dr. Domenico Garozzo at Catania University.
Melting points were determined on a Kofler hot stage apparatus, and are
not corrected.
1H NMR titrations : The n-tetrabutylammonium salts were dried in a
vacuum oven for at least 24 h. For measurements in ™dry∫ CD2Cl2 this was
stored on dry alumina and care was taken to minimize exposure to the
atmosphere during sample preparation and titrations. Wet CD2Cl2 was
obtained by vigorous stirring with D2O for 1 h at 20 �C, and the two phases
were then carefully separated. The content of D2O in CD2Cl2 was measured
by saturating a sample with H2O as described for D2O, and measuring the
H2O content by 1H NMR integration using 1,4-dioxane as an internal
standard. The concentration of water in CD2Cl2 was found to be 0.18%
(v/v). The anions were added (by syringe) as carefully measured volumes of
solutions (ca. 0.1�) in either dry or wet CD2Cl2 to solutions of the
macrocycles under investigation (0.01 or 0.005�) in the same solvent. After
each addition, the stoichiometric ratios between the salt and macrocycle
were also re-determined from the intensities of the resonances of the
methyl and aromatic protons of the hosts versus those of the n-
tetrabutylammonium cation. Quantitative 1H NMR integration were
obtained by the use of appropriate pulse delays in all cases.[33] Processing
the data with the WinEQNMR[23] program, which accounts for the
dilutions, produced the reported Ka values for the 1:1 complexation model.
Relative values of Ka in competitive binding experiments were determined
by treatment of 1:1 solutions of the two different macrocycles with variable
quantities of salt (0.2 ± 0.6 equivalents) and using the method described by
Whitlock.[26]


Extraction experiments : Equal volumes of solutions containing the salt and
the macrocycles in water and CD2Cl2 respectively were stirred vigorously at
16 �C for 1 h. After careful separation of the two phases, the amount of
anion transferred in CD2Cl2 was determined by 1H NMR from the relative
intensities of the resonances of the macrocycle and those of the n-


tetrabutylammonium cation, which has to follow the anion into the organic
phase. The amount of anion subtracted from the D2O phase was similarly
indirectly evaluated against a known amount of dioxane added after the
separation of the two phases. Potential interference by the hydroxo ions
was ruled out by tests in which the pH was altered in the range 7 ± 11 by the
addition of NaOH to the water phase.


The syntheses and experimental data for compounds 4 and 5,[18] 2, 6, 7, 9, 10,
12, 13, and partial data for 8 have been reported.[11a]


Decaeneketone 8 : 13C NMR (CDCl3): �� 20.0, 21.2, 22.8 (CH3), 48.1, 60.5,
60.7 (C(CH3)2), 107.1 (furan CH), 133.1, 134.2, 135.0, 136.1, 137.3 (olefin),
156.7 (furan Cq), 200.1, 201.2, 201.6, 201.7, 202.4 (CO); positive ESI-MS
(CHCl3/MeOH 2:1): m/z : 729 [M��1].


Decaketone 11: Palladium on charcoal (10% Pd, 10 mg) was added to a
solution of 8 (100 mg, 0.13 mmol) in ethyl acetate (20 mL). The mixture
was stirred under a hydrogen atmosphere at room pressure and temper-
ature for 4 h, then filtered and concentrated to give 11 (over 96%) of
sufficient purity for use in the synthesis of 14. Thus 11 was not subjected to
further purification procedures: 1H NMR (CDCl3): �� 1.35, 1.41 (2s, 12H
and 24H; 2CH3), 2.44 ± 2.80 (m, 20H; CH2), 6.15 (s, 2H; furan); 13C NMR
(CDCl3): �� 21.4, 21.5, 21.3 (CH3), 31.7, 31.9, 32.1, 32.2, 32.3 (CH2), 48.5
(next to furanC(CH3)2), 61.7, 61.8 (C(CH3)2), 106.5 (furan CH), 157.4 (furan
Cq), 207.9, 208.0, 208.3, 208.4, 209.9 (CO); positive ESI-MS (CHCl3/MeOH
2:1): m/z : 739 [M��1].


Calix[1]furan[5]pyrrole 14 : The decaketone 11 (1.00 g, 1.35 mmol) and
ammonium acetate (0.78 g, 10.15 mmol) were heated at reflux for 40 h in
anhydrous EtOH. The mixture was concentrated and extracted with
CH2Cl2/water. The organic phase was dried (MgSO4), concentrated, and
the brown oil was subjected to column chromatography over silica
(hexanes/EtOAc 9:1) to give 14 (137 mg, 15.7% yield). M.p. 172 �C (light
petroleum); 1H NMR (CDCl3): �� 1.52, 1.55, 1.56 (3s, 3� 12H; CH3), 5.77,
5.92 (2 t, 2� 2H; pairs of �-CH in one pair ™equivalent∫ pyrrole units), 5.80
(d, 2H; �-CH for the ™unique∫ pyrrole ring), 5.83 (s, 2H; furan), 5.85
(2 overlapping t, 4H; �-CH in one pair ™equivalent∫ pyrrole units), 7.79,
8.10 (2s, 2� 2H; NH for the two pairs of ™nonequivalent∫ pyrrole ring),
7.88 (s, 1H; NH for the ™unique∫ pyrrole ring); 1H NMR (CD2Cl2): �� 1.46,
1.48, 1.53 (3s, 3� 12H; CH3), 5.70, 5.83 (2 t, 2� 2H; pairs of �-CH in one
pair ™equivalent∫ pyrrole units), 5.74 (d, 2H; �-CH for the ™unique∫
pyrrole ring), 5.78 (s, 2H; furan), 5.80 (2 overlapping t, 4H; �-CH in one
pair ™equivalent∫ pyrrole units), 7.65, 7.87 (2s, 2� 2H; NH for the two pairs
of ™nonequivalent∫ pyrrole ring), 7.70 (s, 1H, NH for the ™unique∫ pyrrole
ring); 13C NMR (CDCl3): �� 27.8, 29.2, 29.3 (CH3), 35.3, 35.5, 36.2
(C(CH3)2), 102.8, 103.0, 103,1, 103.2, 103.4, 104.0 (CH), 137.4, 138, 138.2,
138.5, 138.6 (pyrrole Cq), 159.8 (furan Cq); MALDI-TOF (THAP): m/z :
666 [M�Na]� .


Crystal data for calix[2]furan[4]pyrrole 13 : C42H52N4O2 ¥ 2EtOH, Mr�
737.0, triclinic, P1≈ (no. 2), a� 9.087(1), b� 10.476(1), c� 25.715(2) ä, ��
88.11(1), �� 89.13(1), �� 64.75(1)�, V� 2212.8(3) ä3, Z� 2 (two crystallo-
graphically independent Ci symmetric molecules), �calcd� 1.106 gcm�3,
�(CuK�)� 5.50 cm�1, T� 293 K, colorless plates, 6571 independent meas-
ured reflections (F 2 refinement, R1� 0.079, wR2� 0.189, 4744 independent
observed reflections (�Fo �� 4� �Fo � , 2�� 120�), 531 parameters. CCDC-
180963 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or
deposit@ccdc.cam.uk).


crystal data for [Calix[1]furan[5]pyrrole ¥ Cl�][18C6 ¥K�]: [C42H53N5OCl]-
[C12H24O6K] ¥ 2MeCN, Mr� 1064.9, triclinic, P1≈ (no. 2), a� 9.131(1), b�
13.190(2), c� 14.220(1) ä, �� 63.81(1), �� 88.44(1), �� 76.05(1)�, V�
1485.4(3) ä3, Z� 1 (Ci symmetry), �calcd� 1.190 gcm�3, �(CuK�)�
16.3 cm�1, T� 183 K, colorless platy needles, 4216 independent measured
reflections, F 2 refinement, R1� 0.049, wR2� 0.128, 3639 independent
observed absorption corrected reflections (�Fo �� 4� �Fo � , 2�� 120�),
351 parameters. The position of the furan ring within the calix[1]furan[5]-
pyrrole macrocycle is indeterminate, and was established by occupancy
refinement to be uniformly distributed amongst the six possible sites within
the macrocycle throughout the crystal. CCDC-180964 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
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Structural and Dynamic Studies on Amido-Bridged Rhodium and Iridium
Complexes
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Abstract: Treatment of [{M(�-Cl)(di-
olefin)}2] with the lithium salts of pri-
mary and secondary amines (LiNRR�) in
diethyl ether affords the complexes
[{M(�-NRR�)(diolefin)}2] (M�Rh, Ir;
diolefin�1,5-cyclooctadiene (cod), tetra-
fluorobenzobarrelene (tfb); R��H,
R� tBu, Ph, 4-MeC6H4; R�R��Ph,
4-MeC6H4). Mixed-bridged chloro/ami-
do complexes are intermediates in these
syntheses, two of which, [{Rh(cod)}2(�-
NHR)(�-Cl)] (R� tBu, 4-MeC6H4),
have been isolated. Replacement of the
diolefin ligands by carbon monoxide or
tert-butyl isocyanide in selected com-
pounds takes place with retention of the
binuclear structure to give the corre-
sponding complexes [{M(�-4-HNC6H4-
Me)(CO)2}2], [{Rh(�-4-HNC6H4Me)-
(CNtBu)2}2] (12), and [{Rh(�-NPh2)-


(CNtBu)2}2] (13). Single-crystal X-ray
diffraction analyses of the complexes
[{Rh(�-NRR�)(cod)}2] (R��H, R� 4-
MeC6H4 (3); R�R�� 4-MeC6H4 (5)),
12, and 13 have shown that the confor-
mation of the ™RhN2Rh∫ four-mem-
bered metallacycle is planar in 5 and
folded in 3, 12, and 13. The complexes
with primary amides, 3 and 12, were
found to exist as the syn,endo stereo-
isomers. The fluxionality of the com-
plexes with secondary amides is due to
rotation of the aromatic substituents
about the N�Cipso bond and, in the case
of 13, to the inversion of the ™RhN2Rh∫
metallacycle as well. The complexes


[{M(�-NHR)(cod)}2] (R�Ph, 4-MeC6-
H4) were found to exist as isomeric
mixtures in solution, the syn/anti ratio
being 2:3 for the rhodium derivatives
and 1:1 for their iridium counterparts.
Again, the motion detected was due to
rotation of the aromatic substituents,
and could be frozen only in the case of
the syn isomers. The complex [{Rh(�-
NHtBu)(cod)}2] with aliphatic amido
ligands was found to be the anti folded
isomer and proved to be nonfluxional.
The most common conformation of the
™RhN2Rh∫ metallacycle in these com-
pounds is folded, and the preferred
configuration varies from syn for the
less encumbered compounds to anti on
increasing the bulkiness of the bridging
and ancillary ligands.


Keywords: amido ligands ¥ fluxion-
ality ¥ iridium ¥ N ligands ¥ rhodium


Introduction


The importance of late transition metal amido complexes is
becoming increasingly recognized because they are possible
intermediates in a number of interesting processes. These
include stoichiometric[1] and catalytic[2] imine hydrogenations,
the reduction of nitriles,[3] the palladium-catalyzed amina-
tion[4] of aryl halides and sulfonates, as well as the hydro-
amination[5] of activated olefins, the iridium- and rhodium-
catalyzed hydroamination,[6] and the oxidative amination[7] of
olefins, the latter representing a 100% atom-economic
process based on readily accessible starting materials.[8]


Despite this interest, only very few late transition metal
amido complexes have as yet been characterized, in contrast
to the renaissance of the chemistry based on early transition
metal amido complexes.[9] The most studied amido com-
pounds of rhodium and iridium are dinuclear complexes
containing the chelating and bridging 1,8-diamidonaphtha-
lene ligand[10] and mononuclear complexes with chelating
bifunctional ligands,[11] while the mononuclear compounds
with simple RR�N� and RNH� ligands are very rare and
reactive.[12] Dinuclear amido complexes of iridium(�)[13] and
rhodium(�)[14] with simple amides (RR�N� and RNH�) have
been scarcely studied, while the related palladium and
platinum chemistry is more developed[15] and has included
study of the reductive elimination reactions of such complexes
in the context of C�N bond-formation processes.[16] These late
transition metal complexes with two simple amido bridges
have been reported to exist as mixtures of several isomers in
solution in some cases,[13a, 14a, 15e, 15f, 15i] while they have been
described as single species in other instances.[13b, 14b, 15b] Al-
though the existence of possible conformational equilibria in
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solution has sometimes been suggested,[14a] there is no clear
picture of the configurational and conformational preferences
and the fluxional motions of these compounds. It should be
mentioned that some recent theoretical studies[17] have
provided some guidelines on this topic. This situation
prompted us to prepare some complexes of this type, and
diolefin amido compounds of rhodium and iridium were
envisaged as being the best suited for studying the dynamic
behavior. In addition, these complexes may bear a strong
resemblance to those involved in the catalytic amination of
olefins. Thus, we report herein the synthesis, as well as
structural and dynamic studies of dinuclear bis(�-amido)
complexes of rhodium and iridium.


Results


Synthesis of the complexes


Reactions of [{Rh(�-Cl)(cod)}2] (cod� 1,5-cyclooctadiene)
with two molar equivalents of the lithium salts of aliphatic
and aromatic amines (LiNRR�) in diethyl ether give binuclear
rhodium bis(�-amido) complexes of the general formula
[{Rh(�-NRR�)(cod)}2] (R��H, R� tBu (1), Ph (2), 4-MeC6H4


(3); R�R��Ph (4), 4-MeC6H4 (5)). The products were
straightforwardly obtained, except in the case of complex 1
with the bulky aliphatic ligand tBuNH�, for which the use of
an excess of the lithium salt LiNHtBu was required to force
the reaction to completion. When 1 was synthesized under the
conditions outlined above, the recovered solid was found to
be contaminated with the mixed-ligand compound
[{Rh(cod)}2(�-NHtBu)(�-Cl)] (6), which resulted from the
fast replacement of the first chloride by one amide ligand.
Actually, the metathesis of the second chloride ligand takes
place slowly with the bulky tBuNH� group. Thus, complex 6
could be readily and independently prepared by the reaction
of [{Rh(�-Cl)(cod)}2] and LiNHtBu in a 1:1 molar ratio. In a
similar manner, the complex [{Rh(cod)}2(�-4-HNC6H4Me)(�-
Cl)] (7) was prepared by the reaction of [{Rh(�-Cl)(cod)}2]
and LiNH(4-MeC6H4) in a 1:1 molar ratio (see Scheme 1).
Amidorhodium complexes with diolefins other than cod, such
as [{Rh(�-4-HNC6H4Me)(tfb)}2] (tfb� tetrafluorobenzobar-
relene 8), and the iridium derivatives [{Ir(�-NHR)(cod)}2]
(R�Ph (9), 4-MeC6H4 (10)) were also prepared as described
above.
The rhodium complexes 1 ± 5 were found to react at room


temperature with the water present in moist solvents to give
the �-amido/�-hydroxo compounds [{Rh(cod)}2(�-NRR�)(�-
OH)][18] in a first step, and ultimately [{Rh(�-OH)(cod)}2],
while the iridium complexes 9 and 10 were found to be more
stable to hydrolysis than 1 ± 5. The hydrolysis becomes very
fast on heating, but does not occur at low temperatures. This
feature of the reactivity allowed the removal of LiCl from the
crude products by washing with acetone/water (1:1) at low
temperature (see Experimental Section).
Replacement of the diolefin ligands in two selected


complexes of rhodium and iridium was found to occur with
retention of the binuclear structure. Thus, complexes [{M(�-4-
HNC6H4Me)(cod)}2] (M�Rh (3); Ir (10)) were allowed to
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Scheme 1. Synthesis and reactions of the bis(�-amido) complexes (L�CO,
CNtBu).


react with carbon monoxide at atmospheric pressure to give
the tetracarbonyl compounds [{M(�-4-HNC6H4Me)(CO)2}2]
(M�Rh, Ir) in good yields. These compounds have been
previously reported as the products of reactions of cis-
[MCl(CO)2(4-H2NC6H4Me)] with sodium alkoxides.[14b]


The reactions of tert-butyl isocyanide with the complexes
[{Rh(�-NHR)(cod)}2] (R�Ph, 4-MeC6H4) and [{Rh(�-
NPh2)(cod)}2] gave the compounds [{Rh(�-NHR)(CNtBu)2}2]
(R�Ph (11), 4-MeC6H4 (12)) and [{Rh(�-NPh2)(CNtBu)2}2]
(13), which were isolated as yellow crystalline solids. Com-
plexes 1 ± 13 were characterized by analytical and spectro-
scopic methods, and additionally by single-crystal X-ray
diffraction analysis in the case of the selected complexes 3,
5, 12, and 13.


Structural features of the bis(�-amido) complexes: X-ray
structures of [{Rh(�-4-HNC6H4Me)(cod)}2] (3), [{Rh[�-N(4-
MeC6H4)2](cod)}2] (5), [{Rh(�-4-HNC6H4Me)(CNtBu)2}2]
(12), and [{Rh(�-NPh2)(CNtBu)2}2] (13)
The complexes with primary amides, [{M(�-NHR)(L)2}2],


may exhibit two different configurations, namely syn and anti,
depending on the relative disposition of the R and H groups of
the bridging ligands. Additionally, the four-membered ring
™RhN2Rh∫ can adopt planar or folded conformations, leading
to the five possibilities depicted in Figure 1. Finally, different
rotamers could result from the rotation of the aromatic rings
about the N�Cipso bond in the complexes derived from
aromatic amines.
The molecular structures of the title compounds 3, 5, 12,


and 13 are presented in Figure 2, Figure 3, Figure 4, and
Figure 5, respectively, selected bond lengths and angles for
these compounds are collected in Table 1, Table 2, Table 3,
and Table 4, respectively. In each case, two rhodium centers
are linked by two amido ligands, and an approximately
square-planar coordination is completed by either a 1,5-
cyclooctadiene group (3 and 5) or two tert-butyl isocyanide
ligands (12 and 13). A noteworthy difference between them is
the conformation of the ™RhN2Rh∫ four-membered metalla-
cycle, which is nearly planar in 5 and folded in 3, 12, and 13.
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Figure 1. Possible conformations and configurations of the bis(�-amido)
complexes.


Figure 2. Molecular structure of [{Rh(�-4-HNC6H4Me)(cod)}2] (3); only
hydrogen atoms bonded to the amido nitrogen atoms are shown.


Figure 3. Molecular structure of [{Rh[�-N(4-MeC6H4)2](cod)}2] (5).


Figure 4. Molecular structure of [{Rh(�-4-HNC6H4Me)(CNtBu)2}2] (12);
only hydrogens bonded to the amido nitrogens are shown.


Figure 5. Molecular structure of [{Rh(�-NPh2)(CNtBu)2}2] (13).


The degree of folding, defined by the dihedral angle �


between the N1-Rh1-N2 and N1-Rh2-N2 planes, was found to
be similar for 3, 12, and 13 with � values of 131.9(2)�,
134.16(12)�, and 135.4(2)�, respectively, but � for 5 is
increased to 175.0(1)�. Accordingly, complexes 3, 12, and 13


Table 1. Selected bond lengths [ä] and angles [�] for compound 3.[a]


Rh1 ¥¥¥ Rh2 3.0330(7)
Rh1�N1 2.114(5) Rh2�N1 2.118(5)
Rh1�N2 2.109(5) Rh2�N2 2.105(5)
Rh1�C15 2.140(6) Rh2�C23 2.119(7)
Rh1�C16 2.112(6) Rh2�C24 2.106(7)
Rh1�C19 2.100(7) Rh2�C27 2.108(6)
Rh1�C20 1.122(7) Rh2�C28 2.131(7)
N1�C1 1.420(7) N2�C8 1.410(7)
N1-Rh1 ±N2 76.30(18) N1-Rh2-N2 76.32(18)
N1-Rh1-M1 174.2(2) N1-Rh2-M3 171.8(3)
N1-Rh1-M2 98.4(3) N1-Rh2-M4 98.7(3)
N2-Rh1-M1 98.0(2) N2-Rh2-M3 97.2(3)
N2-Rh1-M2 170.4(2) N2-Rh2-M4 174.6(3)
M1-Rh1-M2 87.2(3) M3-Rh2-M4 87.6(3)
Rh1-N1-Rh2 91.56(18) Rh1-N2-Rh2 92.07(19)


[a] M1, M2, M3, and M4 represent the midpoints of the olefinic bonds
C15�C16, C19�C20, C23�C24, and C27�C28, respectively.
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show similar intermetallic separations (3.0330(7) ä,
2.9899(6) ä, and 2.9728(10) ä, respectively), while the metal
centers were found to be further apart in the planar complex 5
(3.2965(11) ä). The latter distance is slightly shorter than that
found in the planar complex [{Rh(�-NHPh)(PPh3)2}2]
(3.376(2) ä), the sole bis(anilido)rhodium complex reported
to date.[13a]


The folded complexes de-
rived from p-toluidine, [{Rh(�-
4-HNC6H4Me)(L2)}2] (L2� cod
(3), L�CNtBu(12)), were
found to exist as the syn,endo
stereoisomers in the solid state.
Interestingly, the p-tolyl rings
are almost coplanar and are
located in the hypothetical
plane of symmetry that would


produce the equivalence of the rhodium atoms. Thus, the
torsion angles C2-C1-N1-H1n (Figure 6a) and C13-C8-N2-
H2n were found to be 0.6(7)� and �0.9(8)�, respectively, for
complex 3. Conventionally, and in order to simplify the
following discussion, we will label this rotamer as rotamer-
(0�), while we will define the rotamer-(90�) as that with the
aromatic ring perpendicular to the aforementioned plane. In
the isocyanide complex 12, the p-tolyl rings are slightly
twisted with torsion angles C6-C1-N1-H1n (Figure 6b) and
C13-C8-N2-H2n of �3.3(6)� and �9.6(6)�, respectively.
Two distinct rotamers were found in the structures of the


complexes derived from secondary amines [{Rh[�-N(4-
MeC6H4)2](cod)}2] (5) and [{Rh(�-NPh2)(CNtBu)2}2] (13),
which contain four aromatic rings. In complex 13, the torsion
angles for the equatorial rings, C12-C7-N1-C1 and C20-C19-
N2-C13, were found to be 11.4(12)� and 14.3(11)�, respec-
tively, while those for the axial rings C6-C1-N1-C7 (Figure 7a)
and C14-C13-N2-C19 were found to be 76.8(10)� and
75.5(10)�, respectively.
It should be noted that the disposition of the equatorial


phenyl rings in 13 and of the p-tolyl groups in the syn,endo 3
and 12 is approximately that defined for rotamer-(0�), which
is generally observed for the related syn,endo[13b, 15g] and
anti[ 14a15a±c, 15f] isomers of dinuclear complexes with bridging
primary aromatic amides of rhodium, iridium, palladium, and
platinum. On the contrary, the planes of the pair of axial
aromatic rings in 13 show nearly the disposition defined for
rotamer-(90�). For comparison purposes, the two previously
established structures of anilido late transition metal com-
plexes with a syn,exo stereochemistry show rotamers quite
different to rotamer-(90�) due to intramolecular �-stacking
interactions between the anilido ring and the phenyl groups of
the phosphine ligands.[13a]


Finally, the complex [{Rh[�-N(4-MeC6H4)2](cod)}2] (5),
having an imposed C2 crystallographic axis, shows torsion
angles C6-C1-N-C8 (Figure 7b) and C13-C8-N-C1 of
�30.1(8)� and �35.4(9)� for the two nonequivalent p-tolyl
groups bonded to the nitrogen. This rotamer most probably
represents the stereochemistry that minimizes the interligand
(p-tolyl and cod) and intraligand (between two p-tolyl groups)
steric repulsions in 5.


Dynamic behavior in solution: The detection of conforma-
tional, rotational, and configurational equilibria


The species present in solution and the fluxional motions of
the diolefin bis(�-amido) complexes were identified by means
of variable-temperature 1H NMR spectroscopy in conjunction


Table 2. Selected bond lengths [ä] and angles [�] for compound 5[a]


Rh ¥¥¥ Rh� 3.2965(11)
Rh�N 2.219(5) Rh�N� 2.211(5)
Rh�C15 2.133(7) Rh�C19 2.150(6)
Rh�C16 2.153(6) Rh�C20 2.136(6)
N�C1 1.446(8) N�C8 1.437(8)
N-Rh-N� 83.71(18) M1-Rh-M2 87.0(3)
N-Rh-M1 171.8(2) N�-Rh-M1 94.9(2)
N-Rh-M2 95.4(2) N�-Rh-M2 172.4(2)
Rh-N-Rh� 96.16(18)


[a] Primed atoms are related to the unprimed ones by the symmetry
operation �x, y, 1/2� z. M1 and M2 represent the midpoints of the olefinic
bonds C15�C16 and C19�C20, respectively.


Table 3. Selected bond lengths [ä] and angles [�] for compound 12.


Rh1 ¥¥¥ Rh2 2.9899(6)
Rh1�N1 2.118(4) Rh2�N1 2.107(3)
Rh1�N2 2.106(4) Rh2�N2 2.107(4)
Rh1�C15 1.889(5) Rh2�C25 1.886(5)
Rh1�C20 1.873(6) Rh2�C30 1.891(6)
N1�C1 1.412(5) N2�C8 1.413(5)
N1-Rh1-N2 79.29(14) N1-Rh2-N2 71.51(14)
N1-Rh1-C15 94.78(18) N1-Rh2-C25 171.92(18)
N1-Rh1-C20 172.60(17) N1-Rh2-C30 94.16(17)
N2-Rh1-C15 173.94(18) N2-Rh2-C25 95.82(17)
N2-Rh1-C20 94.93(17) N2-Rh2-C30 171.46(17)
C15-Rh1-C20 91.1(2) C25-Rh2-C30 91.0(2)
Rh1-N1-Rh2 90.08(13) Rh1-N2-Rh2 90.42(13)


Table 4. Selected bond lengths [ä] and angles [�] for compound 13.


Rh1 ¥¥¥ Rh2 2.9728(10)
Rh1�N1 2.130(7) Rh2�N1 2.181(7)
Rh1�N2 2.177(6) Rh2�N2 2.154(7)
Rh1�C25 1.849(11) Rh2�C35 1.872(9)
Rh1�C30 1.874(9) Rh2�C40 1.866(11)
N1�C1 1.420(10) N2�C13 1.419(10)
N1�C7 1.436(10) N2�C19 1.436(10)
N1-Rh1-N2 84.3(3) N1-Rh2-N2 83.6(3)
N1-Rh1-C25 179.5(3) N1-Rh2-C35 177.7(4)
N1-Rh1-C30 93.1(3) N1-Rh2-C40 95.5(3)
N2-Rh1-C25 95.3(3) N2-Rh2-C35 94.1(3)
N2-Rh1-C30 176.0(3) N2-Rh2-C40 178.3(3)
C25-Rh1-C30 87.3(4) C35-Rh2-C40 86.8(4)
Rh1-N1-Rh2 87.2(3) Rh1-N2-Rh2 86.7(2)


Figure 6. Newman projections along the N�Cipso bond, showing the disposition of the aromatic rings in
a) complex 3 (rotamer-(0�)); b) complex 12. Only one aromatic ring is drawn.
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with 1H,1H-COSY experiments, with the additional aid of the
information provided by the structures found in the solid
state. As all the complexes possess an element of symmetry
that produces equivalence of the two ™RhL2∫ moieties, just
one diolefin ligand is considered in the following discussion.


Complexes with secondary amides


These complexes with two identical substituents on the
nitrogen atoms lack syn/anti isomers and are therefore best
suited for the detection of conformational equilibria. Com-
plexes 4 and 5 are fluxional, but on cooling to �83 �C their
slow-exchange spectra are observed. The spectroscopic data
obtained at this temperature indicate the presence of a single
species with a structure similar to that found for 5 in the solid
state, namely a planar conformation with restricted rotation of
the aromatic rings leading to D2 symmetry. Thus, the four
aromatic rings give rise to four and five resonances in
complexes 5 and 4, respectively, which are all coupled in the
1H,1H-COSY spectra. Therefore, the four aromatic rings are
equivalent, while the aromatic protons of the observed single
ring are nonequivalent. This inequivalence of the protons
indicates that there is no free rotation of the rings about the
N�Cipso bonds other than the slight movement required to
achieve equivalence of the rings.
On heating, the signals of the cod and aromatic protons


coalesce, and eventually they appear as three resonances due
to the cod ligands and two (5) and three (4) resonances due to
the aromatic protons at 75 �C. These high-temperature spectra
are consistent with a planar conformation of the ™RhN2Rh∫
ring and free rotation of the aromatic rings to achieve the
observed D2h symmetry. Therefore, the fluxional process
undergone by complexes 4 and 5 was identified as being due
to rotation of the aromatic rings about the N�Cipso bonds,
which is restricted at low temperature and fully free at high
temperature. For complex 5, a plot of ln(k/T) versus 1/T led to
the values �H�� 50.2 kJmol�1, �S�� 0.79 Jmol�1K�1, and
�G298


�� 50.2 kJmol�1. The near-zero value of �S� is consis-
tent with the intramolecular nature of the process. The �G298


�


value for complex 5 is about half of that found for the tris(�-


amido) complex [{(�6-C6Me6)-
Ru}2(�-NHPh)3],[19] which is
probably due to the greater
steric encumbrance in the lat-
ter.
The related complex [{Rh(�-


NPh2)(CNtBu)2}2] (13) was also
found to be fluxional, as indi-
cated by the equivalence of the
four phenyl rings in the room
temperature 1H NMR spectrum
(see Experimental Section).
This feature, and the observa-
tion of just a doublet for the
eight ortho protons, indicated a
planar conformation of the
averaged species responsible
for the spectrum, along with


free rotation of the phenyl groups. To obtain such an averaged
structure from the folded structure found in the solid state
(Figure 5), free rotation of the phenyl groups about the
N�Cipso bonds with simultaneous inversion of the four-
membered ™RhN2Rh∫ ring would be required. On cooling
to �90 �C, only a broadening of the signals was detected.
Therefore, the rotational and conformational equilibria
should be processes with small activation energies in this
case, since they are fast on the NMR time scale.


Complexes with primary amides


Figure 8 shows the types of cod protons in the three stereo-
chemistries of the complexes distinguishable by NMR meth-
ods if rotamers are not considered, and Table 5 shows the
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Figure 8. Types of cod protons for a) syn isomers, b) the anti planar isomer,
and c) the anti folded isomer.


corresponding spectroscopic NMR features deduced from
symmetry considerations. If the four-membered ring
™RhN2Rh∫ were rigid, the syn (folded and planar) isomers
could be easily differentiated from the anti folded isomer on
the basis of the number of signals due to the cod protons in the
1H NMR spectra. In addition, the syn isomers may be
differentiated from the anti planar form on the basis of the
1H,1H-COSY spectra, since the number of cross-peaks due to


Figure 7. A partial view of the structures of the complexes 13 (a) and 5 (b) showing the disposition of the aromatic
rings of the secondary amides.
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the methylene protons of the cod is distinct in each case.
However, there is no easy way of distinguishing between the
three syn conformers (Figure 1). Finally, the flexibility of
these molecules may reduce the number of signals, and a
detailed analysis of each particular case is required. For
example, a fast inversion of the ™RhN2Rh∫ metallacycle of a
folded anti isomer produces the spectrum expected for a rigid
planar anti conformation.
The complexes containing the diolefin 1,5-cyclooctadiene


[{M(�-NHR)(cod)}2] (M�Rh, R�Ph (2), 4-MeC6H4 (3);
M� Ir, R�Ph (9), 4-MeC6H4 (10)) were found to exist as
isomeric mixtures of two species in solution, the molar ratio
being 2:3 for the rhodium derivatives and 1:1 for their iridium
counterparts. These species were identified as the syn and anti
isomers by analysis of the 1H,1H-COSY spectra (Table 5); the
major rhodium species was the syn isomer. As an example,
Figure 9 shows the 1H,1H-COSY spectrum of [{Rh(�-4-
HNC6H4Me)(cod)}2] (3). Two cross-peaks are observed for
each methylenic proton of the major species (syn isomer),
while four cross-peaks are detected for these protons of the
minor species (anti isomer in an averaged planar conforma-


Figure 9. 1H,1H-COSY spectrum of [{Rh(�-4-HNC6H4Me)(cod)}2] (3) in
the cod region. Selected cod resonances and correlations are indicated for
the syn (o) and anti (*) isomers.


tion). Moreover, the equiva-
lence of the four ortho and four
meta protons for both isomers
indicates free rotation of the
aromatic rings about the N ±
Cipso bond at room temperature.
Freshly prepared solutions of


complexes 3 and 10 at low
temperature contain only the


syn-[{M(�-4-HNC6H4Me)(cod)}2] isomers, that is, that found
in the solid state for 3. These isomers equilibrate to give the
above mentioned mixtures of syn/anti isomers, the 2:3 and 1:1
molar ratios being attained in less than 1 h at room temper-
ature.
No change in the molar ratios was seen on cooling the syn/


anti mixtures of complexes 2/3 and 9/10. While the aromatic
resonances of anti-[{M(�-NHR)(cod)}2] were unaffected on
cooling, those of the syn-[{M(�-NHR)(cod)}2] complexes
were split into four and five signals at �80 �C. These signals
were attributable to a single aromatic ring, as deduced from
the 1H,1H-COSY spectra. Therefore, the rotation of the
aromatic substituents is slowed down in the syn isomers at
�80 �C, while it still remains for the anti isomers at this
temperature. Moreover, the C2v symmetry of the syn isomers
was maintained since all cod resonances were unaffected at
low temperature. This symmetry and the number of aromatic
signals are only compatible with the rotamer-(0�) in a
syn,endo or planar conformation. In particular, as activation
parameters for the rotation of the aromatic rings about the
N ±Cipso bond, values of �H�� 41.0 kJmol�1, �S��
�1.7 Jmol�1K�1, and �G298


�� 41.4 kJmol�1 were obtained
for the complex syn-[{Rh(�-4-HNC6H4Me)(cod)}2] (3) (Fig-
ure 10). The small value of �S� and the lack of line-broad-
ening effects upon dilution are consistent with the intra-
molecular nature of the process, while the activation energy
(�G298


�) for syn-3, which is smaller than that for 5, correlates
well with the steric crowding of the molecules.
The complex incorporating the diolefin tfb, [{Rh(�-4-


HNC6H4Me)(tfb)}2] (8), was found to exist as a single syn
species in solution, in contrast to the cod analogues, and no
isomerization to the anti species was observed on heating in
[D8]toluene.
To elucidate the possible influence of electronic factors on


the syn,anti configurational preferences, we studied the
isocyanide complexes [{Rh(�-NHR)(CNtBu)2}2] (R�Ph
(11), 4-MeC6H4 (12)), which also allow comparison to be
made with the analogous tetracarbonyl derivatives.[20] The
room temperature 1H NMR spectra of 11 and 12 are very
simple, showing a singlet due to the four equivalent CNtBu
ligands, a singlet due to the NH protons, and either two (12) or
three (11) resonances in the aromatic region. On cooling to
�80 �C, the aromatic signals are split into four (12) and five
(11), while the signal due to the CNtBu ligands remains
unchanged. Similar behavior was observed for the complexes
[{M(�-4-HNC6H4Me)(CO)2}2], which were specifically pre-
pared for these studies. These changes indicate that the
rotation of the aromatic rings, which is frozen at low
temperature, is the motion responsible for the fluxionality
of these complexes. However, the NMR data are insufficient


Table 5. Spectral features of [{M(�-NHR)(cod)}2] complexes.


Stereochemistry Symmetry R groups Resonances of Cross-peaks for each
the cod protons methylenic proton


syn folded and planar C2v equivalent 6 2
anti planar C2h equivalent 6 4
anti folded Cs inequivalent 12 4
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to assign a syn or a planar anti configuration to complexes 11
and 12, although they could well be the syn,endo isomers as
found for 12 in the solid state. Moreover, configurational
isomerizations were not detected for complexes 11, 12, or
[{Rh(�-4-HNC6H4Me)(CO)2}2].
The complex [{Rh(�-NHtBu)(cod)}2] (1), with aliphatic and


bulky amido ligands, represents a special case and was found
to be non-fluxional. Its room temperature 1H NMR spectrum
shows nonequivalent tBu groups and twelve resonances due
to the cod protons, consistent with the anti isomer of a
puckered conformation of the ™RhN2Rh∫ ring. Moreover, the
anti conformation of the species in solution is clearly indicated
by the coupling of each methylenic proton of the cod with four
other protons. Furthermore, the ™RhN2Rh∫ ring remains
folded and rigid, since weak line-broadening effects on the
signals of the tBu groups are only observed on heating in
[D8]toluene.


Discussion


The rarity and high reactivity of the known monodentate
amido rhodium and iridium complexes in a low oxidation
state prompted us to search for general methods for their
synthesis. It is now clearly established that metathesis
reactions of the lithium salts of primary and secondary amines
with chloro complexes of the type [{M(�-Cl)(diolefin)}2] (M�
Rh, Ir) afford a variety of diolefin rhodium and iridium
complexes bridged by two simple organoamide ligands of the
type [{M(�-NRR�)(diolefin)}2]. These reactions take place in a
stepwise manner, with mixed-bridged complexes [{M(diole-
fin)}2(�-NRR�)(�-Cl)] also being isolable. Overall, they pro-
vide a convenient entry to the organoamido chemistry of
rhodium and iridium, even for complexes derived from


aliphatic amines, which are al-
most unknown for the late tran-
sition metals.
The straightforward synthe-


ses reported herein indicate
that the supposed weakness[9]


of the (amido)N�M(late tran-
sition metal) bond can be over-
come, and stable compounds
can be isolated. It has been
suggested that the scarcity of
late transition metal systems
with �-donating ligands is due
to a �-electron conflict between
filled metal d� orbitals and lone
electron pairs residing on the �-
donating ligands, which increas-
es the reactivity of the metal ±
heteroatom moieties.[21] In the
present case, the lack of lone
electron pairs on the amido
nitrogen in the dinuclear com-
plexes might account for the
differences in reactivity and


stability when compared with mononuclear organoamido
complexes. On the other hand, these compounds are still very
reactive towards protic compounds such as water and
alcohols, even when the latter are present as impurities in
solvents, readily affording first the complexes [{M(diole-
fin)}2(�-NRR�)(�-OR��)] (R���Me, H) and ultimately [{M(�-
OR��)(diolefin)}2]. As for other dinuclear complexes, the
replacement of the diolefin ligands by carbon monoxide or
tert-butyl isocyanide takes place without disruption of the
dinuclear entity to give the complexes [{M(�-NRR�)(L)2}2].
In view of the paucity of available data, we have specifically


addressed the structural and NMR properties of the bis(�-
amido) complexes reported herein. Our results provide
insight into the configurations, conformations, and fluxion-
alities of these rhodium and iridium dinuclear compounds.
The simplest case scenario corresponds to the complexes with
secondary amides [{Rh(�-NR2)(cod)}2] (4, 5) and [{Rh(�-
NPh2)(CNtBu)2}2] (13), for which there is no possibility of syn/
anti isomerism. While the diolefin complex 5 shows a nearly
planar conformation of the ™RhN2Rh∫ metallacycle in the
solid state, the analogous complex with tert-butyl isocyanide
ligands (13) was found to be folded. The nearly planar
conformation found for the cod complexes 4 and 5 is the most
stable situation in terms of the avoidance of steric crowding
effects arising from the contacts between the phenyl rings and
the ancillary ligands. Accordingly, the fluxional behavior of 4
and 5 is limited to the rotation of the phenyl rings about the
N�Cipso bond, whereas complex 13, which is not subject to
steric crowding effects, undergoes both movements, namely
rotation of the rings and inversion of the metallacycle.
In solution, the dinuclear bis(�-amido) complexes with


primary amides were found to exist either as a single syn or
anti isomer or, in some instances, as a mixture of both isomers
in equilibrium. In particular, the complexes [{M(�-
NHR)(L2)}2] (R�Ph, 4-MeC6H4) with sterically undemand-


Figure 10. Experimental variable-temperature NMR spectra (right) in the region of the aromatic protons
compared with the simulated spectra (left) for the rotation of the p-tolyl rings of syn-[{Rh(�-4-HNC6H4Me)-
(cod)}2] (3). The signal labeled * corresponds to the anti isomer.
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ing ancillary ligands (tfb, CO, CNtBu) were found to adopt the
syn configuration. These do not isomerize to the anti isomer
even on heating, which suggests that the thermodynamically
most stable configuration for these complexes is syn. Accord-
ingly, the incorporation of the bulkier diolefin cod produced
important differences. Thus, the compounds [{M(�-
NHR)(cod)}2] (M�Rh, Ir; R�Ph, 4-MeC6H4) adopt the
syn configuration in the solid state, but readily equilibrate to
syn/anti mixtures in solution. The preference for the anti
configuration on increasing the bulkiness of the ancillary and
bridging ligands would seem to be plausible, considering that
the complex with bulkiest ligands [{Rh(�-NHtBu)(cod)}2] (1)
shows the anti configuration. Moreover, no isomerization of
anti-1 to syn-1 was observed. These results indicate a close
relationship between the anti configuration and minimization
of the contacts between the bridging and ancillary ligands.
Having established the syn versus anti configurational


preferences, we turned our attention to the conformations,
folded versus planar, as well as to the fluxional processes
undergone by both isomers. The two syn isomers character-
ized by X-ray methods, [{Rh(�-4-HNC6H4Me)(cod)}2] (3) and
[{Rh(�-4-HNC6H4Me)(CNtBu)2}2] (12), were found to exist as
rotamer-(0�) of the folded syn,endo conformers in the solid
state. The rotamer-(0�) form of the syn,endo conformers is
probably favored by the close proximity of the ancillary
ligands and the aromatic rings. This is also the most probable
stereochemistry of the species in solution at low temperature.
In support of this statement, note that the inversion of the
™RhN2Rh∫ metallacycle in all the syn isomers (Figure 11)
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Figure 11. Inversion of the ™RhN2Rh∫ metallacycle in the syn isomers.


requires the simultaneous rotation of the aromatic rings to
avoid contact between them. Since only the rotamer-(0�) is
observed by NMR spectroscopy at low temperature, indicat-
ing that the rotation of the aromatic rings is frozen for the syn
isomers, the inversion of the ™RhN2Rh∫ metallacycle is also
slowed down. On heating, inversion of the ™RhN2Rh∫ ring
becomes operative in the syn configurations, since free
rotation of the aromatic rings with a small activation energy
is observed.
The anti isomers with aromatic amides were found to be


species having a planar conformation with free rotation of the
aromatic rings in solution. Their fluxional behavior could not
be slowed down at low temperature, which indicates that the
processes have lower activation energies than those for the
syn analogues. Assuming that these isomers are folded, the
inversion of the metallacycle should be fast on the NMR time
scale so as to produce an averaged planar conformation. The
smaller activation energies for inversion of the metallacycle
and rotation of the aromatic rings for the anti isomers can be
explained on the basis of their stereochemistries. An aromatic


ring in the equatorial position in a folded anti isomer
(Figure 12) has an identical environment to that observed
for the syn isomers, and thus can be expected to show similar
rotational behavior, while the axial aromatic ring can rotate
freely. Moreover, inversion of the ™RhN2Rh∫ ring seems to be
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Figure 12. Inversion of the ™RhN2Rh∫ metallacycle in the anti isomers.


an easy motion when the two aromatic rings are coplanar.
Consequently, with these processes acting in tandem, the
required motion is easier than in the case of their syn
counterparts. This intuitive idea would account for the
fluxionality shown by the anti-[{M(�-NHR)(cod)}2] (M�Rh,
Ir; R�Ph, 4-MeC6H4) compounds over the temperature
range studied.
Finally, the complex [{Rh(�-NHtBu)(cod)}2] (1) was found


to be a static anti-folded isomer. In this case, the presence of
the bulky tBu groups not only favors an anti stereochemistry,
but also prevents the complex from achieving the planar
conformation needed to undergo inversion of the ™RhN2Rh∫
ring.


Experimental Section


Starting materials and physical methods : All reactions were carried out
under argon using standard Schlenk techniques. [{M(�-Cl)(cod)}2][22] was
prepared according to literature methods and recrystallized from dichloro-
methane/hexane. p-Toluidine, diphenylamine, and bis(p-tolyl)amine were
sublimed prior to use; aniline and tert-butylamine were purified by
distillation. nBuLi (1.6� in hexane) was purchased from Fluka and was
titrated before use. Solvents were dried by standard methods and distilled
under argon before use. Carbon, hydrogen, and nitrogen analyses were
performed using a Perkin-Elmer 2400 microanalyzer. IR spectra were
recorded with a Nicolet 550 spectrophotometer. Mass spectra were
recorded on a VG Autospec double-focusing mass spectrometer operating
in the FAB�mode. Ions were produced with the standard Cs� gun at about
30 kV and 3-nitrobenzyl alcohol (NBA) was used as the matrix. 1H and
13C{1H} NMR spectra were recorded on Bruker ARX 300 and Varian
UNITY 300 spectrometers operating at 299.95 and 300.13 MHz, respec-
tively, for 1H. Chemical shifts are reported in parts per million downfield
from SiMe4 (�� 0) using the residual signal of the deuterated solvent as a
reference.


Preparation of the omplexes


[{Rh(�-NHtBu)(cod)}2] (1): A solution of nBuLi (400.0 �L, 0.69 mmol) in
hexanes was added dropwise to a solution of tBuNH2 (72.5 �L, 0.69 mmol)
in diethyl ether (10 mL). After stirring for 1 h at room temperature, solid
[{Rh(�-Cl)(cod)}2] (113.4 mg, 0.23 mmol) was added, which led to the slow
precipitation of an orange solid. Stirring was continued for 18 h and then
the mixture was concentrated to dryness. The orange residue was washed
with methanol (2� 15 mL) at �78 �C and with hexane (2� 5 mL) at room
temperature, and then dried in vacuo. Yield: 97.7 mg (75%); elemental
analysis calcd (%) for C24H44N2Rh2 (566.4): C 50.89, H 7.83, N 4.95; found:
C 50.95, H 7.43, N 5.05; 1H NMR ([D6]benzene, 25 �C): �� 4.95 (m, 2H;
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�CH), 4.42 (m, 2H; �CH), 4.03 (m, 2H; �CH), 3.20 (m, 2H; �CH), 2.65
(m, 2H; CH2


exo), 2.40 (m, 2H; CH2
exo), 2.30 (m, 4H; CH2


exo), 1.90 (m, 4H;
CH2


endo), 1.68 (m, 4H; CH2
endo), 1.31 (s, 9H; tBu), 1.11 (s, 9H; tBu), 1.59 (s,


1H; NH), 0.60 (s, 1H; NH); 13C{1H} NMR ([D6]benzene, 25 �C): �� 77.2 (d,
1J(C,Rh)� 12 Hz; �CH), 77.1 (d, 1J(C,Rh)� 13 Hz; �CH), 75.3 (d,
1J(C,Rh)� 11 Hz; �CH), 72.1 (d, 1J(C,Rh)� 12 Hz; �CH), 56.6
(C(CH3)3), 56.4 (C(CH3)3), 37.7 (C(CH3)3), 34.4 (C(CH3)3), 32.7 (CH2),
32.1 (CH2), 30.7 (CH2), 30.0 (CH2); MS: m/z (%): 566 (37) [M�], 494 (100)
[M�� tBuNH].
[{Rh(�-NHPh)(cod)}2] (2): nBuLi (1.20 mL, 2.06 mmol) was added to a
solution of freshly distilled aniline (182.2 �L, 2.06 mmol) in diethyl ether
(10 mL), resulting in the precipitation of a white solid. After stirring for
15 min, the suspension obtained was cooled to �40 �C and solid [{Rh(�-
Cl)(cod)}2] (508.0 mg, 1.03 mmol) was added, which led to the immediate
precipitation of a yellow microcrystalline solid. After stirring for 2 h at
�40 �C, the mixture was allowed to warm to room temperature and stirring
was continued for a further 1 h. The resulting suspension was concentrated
to dryness in vacuo and the residue was washed with acetone/water (1:1;
2� 15 mL) at �78 �C and with cold acetone (3 mL), and then dried in
vacuo. Yield: 575.7 mg (92%), elemental analysis calcd (%) for
C28H36N2Rh2 (606.4): C 55.46, H 5.98, N 4.62; found: C 55.29, H 6.55, N
4.52; 1H NMR ([D6]benzene, 25 �C): �� 7.06 (m; Ph), 6.87 (d, 3J(H,H)�
8.4 Hz; Ph), 6.75 (t, 3J(H,H)� 8.4 Hz; Ph); for the anti isomer (40%): 3.97
(m, 4H; �CH), 3.51 (m, 4H; �CH), 2.38 (m, 4H; CH2


exo), 1.98 (m, 4H;
CH2


exo), 1.80 (m, 4H; CH2
endo), 1.32 (m, 4H; CH2


endo), 1.27 (s, 2H; NH); for
the syn isomer (60%): 3.83 (m, 4H; �CH), 3.48 (m, 4H; �CH), 2.30 (m,
4H; CH2


exo), 2.04 (m, 4H; CH2
exo), 1.47 (m, 8H; CH2


endo), 2.10 (s, 2H; NH).
13C{1H} NMR ([D6]benzene, 25 �C): �� 155.1, 154.2, 128.9, 128.1, 126.7,
122.1, 121.6, 120.1 (Ph); for the anti isomer: 79.8 (d, 1J(C,Rh)� 12 Hz;
�CH), 77.6 (d, 1J(C,Rh)� 13 Hz;�CH), 32.3 (CH2), 29.3 (CH2); for the syn
isomer: 79.0 (d, 1J(C,Rh)� 13 Hz;�CH), 76.9 (d, 1J(C,Rh)� 13 Hz;�CH),
30.7 (CH2), 30.0 (CH2).


[{Rh(�-4-HNC6H4Me)(cod)}2] (3): This compound was prepared as
described for 2 starting from p-toluidine (379.3 mg, 3.54 mmol), nBuLi
(2.00 mL, 3.54 mmol), and [{Rh(�-Cl)(cod)}2] (872.8 mg, 1.77 mmol).
Yield: 1055.6 mg (94%); elemental analysis calcd (%) for C30H40N2Rh2
(634.5): C 56.79, H 6.35, N 4.42; found: C 56.74, H 6.00, N 4.38; 1H NMR
(CD2Cl2, 25 �C) for the anti isomer (40%): �� 6.87 (m, 8H; p-MeC6H4),
3.81 (m, 4H;�CH), 3.43 (m, 4H;�CH), 2.59 (m, 4H; CH2


exo), 1.99 (m, 4H;
CH2


exo cod), 2.17 (s, 6H; p-MeC6H4), 1.53 (m, 4H; CH2
endo), 1.51 (m, 4H;


CH2
endo), 1.93 (s, 2H; NH); for the syn isomer (60%): �� 6.83 (�A, 4H),


6.68 (�B, J(A,B)� 8.1 Hz, 4H; p-MeC6H4), 3.63 (m, 4H; �CH), 3.24 (m,
4H;�CH cod), 2.43 (m, 4H; CH2


exo), 1.99 (m, 4H; CH2
exo), 2.15 (s, 6H; p-


MeC6H4), 1.53 (m, 8H; CH2
endo), 1.48 (s, 2H; NH); 13C{1H} NMR (CD2Cl2,


�30 �C) for the anti isomer: �� 153.7, 130.9, 130.5, 123.0 (p-MeC6H4); 81.9
(d, 1J(C,Rh)� 12 Hz;�CH), 78.5 (d, 1J(C,Rh)� 13 Hz;�CH), 34.7 (CH2),
30.6 (CH2), 22.3 (p-MeC6H4); for the syn isomer: �� 152.3, 130.8, 130.2,
123.4 (p-MeC6H4); 81.0 (d, 1J(C,Rh)� 13 Hz; �CH), 77.5 (d, 1J(C,Rh)�
13 Hz;�CH), 32.4 (CH2), 31.7 (CH2), 22.3 (p-MeC6H4); MS: m/z (%): 634
(30) [M�], 528 (100) [M�� 4-MeC6H4NH].


[{Rh(�-NPh2)(cod)}2] (4): This compound was prepared as described for 2
starting from Ph2NH (228.8 mg, 1.35 mmol), nBuLi (800.0 �L, 1.35 mmol),
and [{Rh(�-Cl)(cod)}2] (335.3 mg, 0.68 mmol). After concentration of the
reaction mixture to dryness, the residue was washed with methanol (3�
10 mL) at �78 �C and with hexane (2� 5 mL) at room temperature, and
then dried in vacuo. Yield: 461.0 mg (90%); elemental analysis calcd (%)
for C40H44N2Rh2 (758.6): C 63.33, H 5.85, N 3.69; found: C 63.33, H 6.03, N
3.56; 1H NMR (CDCl3, �55 �C): �� 9.98 (d, 3J(H,H)� 8.1 Hz, 4H; Ho1),
7.63 (m, 4H; Hm1), 6.93 (m, 8H; Hp�Hm2), 6.73 (br s, 4H; Ho2), 2.87 (m, 4H;
�CH), 2.68 (m, 4H;�CH), 2.51 (m, 4H; CH2


exo), 1.73 (m, 4H; CH2
exo), 1.63


(m, 4H; CH2
endo), 0.96 (m, 4H; CH2


endo).


[{Rh[�-N(4-MeC6H4)2](cod)}2] (5): This compound was prepared as
described for 2 starting from N,N-bis(p-tolyl)amine (165.7 mg, 0.84 mmol),
nBuLi (500.0 �L, 0.84 mmol), and [{Rh(�-Cl)(cod)}2] (207.1 mg,
0.42 mmol). Yield: 305.0 mg (89%); elemental analysis calcd (%) for
C44H52N2Rh2 (814.7): C 64.86, H 6.43, N 3.43; found: C 64.33, H 6.03, N
3.56; 1H NMR ([D8]toluene, �70 �C): �� 10.37 (�A, 4H), 7.61 (�B,
J(A,B)� 9.1 Hz, 4H; p-MeC6H4), 7.03 (�A, 4H), 6.83 (�B, J(A,B)�
9.1 Hz, 4H; p-MeC6H4), 3.27 (m, 4H; �CH), 3.18 (m, 4H; �CH), 2.68
(m, 4H; CH2


exo), 1.58 (m, 4H; CH2
exo), 2.34 (s, 12H; p-MeC6H4), 1.23 (m,


4H; CH2
endo), 0.61 (m, 4H; CH2


endo).


[{Rh(cod)}2(�-NHtBu)(�-Cl)] (6): This compound was prepared as de-
scribed for 1 starting from tBuNH2 (54.8 �L, 0.51 mmol), nBuLi (300.0 �L,
0.51 mmol), and [{Rh(�-Cl)(cod)}2] (251.5 mg, 0.51 mmol). Yield: 185.0 mg
(73%); elemental analysis calcd. (%) for C20H34NClRh2 (529.8): C 45.34, H
6.46, N 2.64; found: C 45.36, H 6.42, N 2.33; 1H NMR ([D6]benzene, 25 �C):
�� 4.72 (m, 2H;�CH), 4.35 (m, 2H;�CH), 3.83 (m, 2H;�CH), 3.21 (m,
2H; �CH), 2.43 (m, 2H; CH2


exo), 2.30 (m, 4H; CH2
exo), 2.15 (m, 2H;


CH2
exo), 1.73 (m, 4H; CH2


endo), 1.62 (m, 4H; CH2
endo), 1.42 (s, 9H; tBu), 1.21


(s, 1H; NH); 13C{1H} NMR ([D6]benzene, 25 �C): �� 83.8 (d, 1J(C,Rh)�
11 Hz;�CH), 82.2 (d, 1J(C,Rh)� 11 Hz;�CH), 74.4 (d, 1J(C,Rh)� 17 Hz;
�CH), 70.2 (d, 1J(C,Rh)� 16 Hz; �CH), 58.2 (C(CH3)3), 36.8 (C(CH3)3),
32.4 (CH2), 32.0 (CH2), 30.7 (CH2), 29.8 (CH2); MS: m/z (%): 529 (100)
[M�], 494 (30) [M��Cl].
[{Rh(cod)}2(�-4-HNC6H4Me)(�-Cl)] (7): This compound was prepared as
described for 2 starting from p-toluidine (34.7 mg, 0.32 mmol), nBuLi
(200.0 �L, 0.32 mmol), and [{Rh(�-Cl)(cod)}2] (159.8 mg, 0.32 mmol).
Yield: 158.3 mg (87%); elemental analysis calcd. (%) for C23H32NClRh2
(563.8): C 49.00, H 5.72, N 2.48; found: C 49.06, H 5.72, N 2.66; 1H NMR
(CD2Cl2, 25 �C): �� 6.82 (m, 4H; p-MeC6H4), 4.27 (m, 2H;�CH), 2.15 (m,
2H;�CH), 3.66 (m, 2H;�CH), 3.39 (m, 2H;�CH), 2.46 (m, 4H; CH2


exo),
2.39 (m, 2H; CH2


exo), 2.35 (m, 2H; CH2
exo), 2.16 (s, 3H; p-MeC6H4), 1.90


(m, 2H; CH2
endo), 1.78 (m, 4H; CH2


endo), 1.60 (m, 2H; CH2
endo), 1.25 (s, 1H;


NH); 13C{1H} NMR (CD2Cl2, 25 �C): �� 152.4, 131.6, 130.9, 123.4 (p-
MeC6H4); 83.9 (d, 1J(C,Rh)� 11 Hz; �CH), 83.6 (d, 1J(C,Rh)� 11 Hz;
�CH), 78.1 (d, 1J(C,Rh)� 16 Hz;�CH), 76.7 (d, 1J(C,Rh)� 16 Hz;�CH),
33.8 (CH2), 32.8 (CH2), 32.5 (CH2), 31.8 (CH2), 22.2 (p-MeC6H4).


[{Rh(�-4-HNC6H4Me)(tfb)}2] (8): This compound was prepared as de-
scribed for 2 starting from p-toluidine (116.8 mg, 1.09 mmol), nBuLi
(1.00 mL, 1.09 mmol), and [{Rh(�-Cl)(tfb)}2] (393.7 mg, 0.54 mmol). Yield:
390.0 mg (83%); elemental analysis calcd (%) for C38H28N2F8Rh2 (870.5):
C 52.43, H 3.24, N 3.22; found: C 52.12, H 3.85, N 3.13; 1H NMR
([D6]benzene, 25 �C): �� 6.85 (�A, 4H), 6.51 (�B, J(A,B)� 8.2 Hz, 4H; p-
MeC6H4), 5.25 (m, 2H; CH), 4.91 (m, 2H; CH), 3.11 (m, 4H;�CH), 2.60
(m, 4H; �CH), 2.10 (s, 6H; p-MeC6H4), 1.24 (s, 2H; NH); 13C{1H} NMR
([D6]benzene, 25 �C): �� 152.0 (Ci), 128.8 (Cp), 128.7 (Cm), 120.5 (Co), 56.3
(d, 1J(C,Rh)� 11 Hz; �CH), 53.0 (d, 1J(C,Rh)� 11 Hz; �CH), 40.2 (CH),
39.6 (CH), 20.3 (p-MeC6H4); MS: m/z (%): 870 (90) [M�], 763 (100)
[M�� 4-MeC6H4NH].


[{Ir(�-NHPh)(cod)}2] (9): This compound was prepared as described for 2
starting from PhNH2 (68.8 �L, 0.75 mmol), nBuLi (700.0 �L, 0.75 mmol),
and [{Ir(�-Cl)(cod)}2] (248.5 mg, 0.37 mmol). Yield: 194.6 mg (67%);
elemental analysis calcd (%) for C28H36N2Ir2 (785.0): C 42.84, H 4.62, N
3.57; found: C 43.39, H 4.03, N 3.66; 1H NMR ([D6]benzene, 25 �C): �� 7.12
(t, 3J(H,H)� 7.2 Hz, 2H; HmPh1), 7.06 (d, 3J(H,H)� 7.2 Hz, 2H; HoPh1),
6.80 (t, 3J(H,H)� 7.2 Hz, 1H; HpPh1), 7.04 (t, 3J(H,H)� 7.2 Hz, 2H;
HmPh2), 6.89 (d, 3J(H,H)� 7.2 Hz, 2H; HoPh2), 6.76 (t, 3J(H,H)� 7.2 Hz,
1H; HpPh2), 3.95 (s, 1H; NH), 2.36 (s, 1H; NH); for the anti isomer (50%):
3.98 (m, 4H;�CH), 3.46 (m, 4H;�CH), 2.25 (m, 4H; CH2


exo), 2.05 (m, 4H;
CH2


exo), 1.87 (m, 4H; CH2
endo), 1.29 (m, 4H; CH2


endo); for the syn isomer
(50%): 3.87 (m, 4H;�CH), 3.36 (m, 4H;�CH), 2.27 (m, 4H; CH2


exo), 2.01
(m, 4H; CH2


exo), 1.41 (m, 8H; CH2
endo); 13C{1H} NMR ([D6]benzene, 25 �C):


�� 152.1, 150.1, 128.1, 128.0, 123.4, 122.6, 122.4, 122.2 (Ph); 63.8, 63.1, 60.6,
60.3 (�CH); 34.0, 31.9, 31.1, 30.6 (CH2); MS: m/z (%): 785 (65) [M�].


[{Ir(�-4-HNC6H4Me)(cod)}2] (10): This compound was prepared as de-
scribed for 2 starting from p-toluidine (79.3 mg, 0.74 mmol), nBuLi
(700.0 �L, 0.74 mmol), and [{Ir(�-Cl)(cod)}2] (248.5 mg, 0.37 mmol). Yield:
250.0 mg (83%); elemental analysis calcd (%) for C30H40N2Ir2 (813.1): C
44.32, H 4.96, N 3.44; found: C 44.70, H 4.68, N 3.07; 1H NMR (CD2Cl2,
25 �C): for the anti isomer (50%) �� 6.96 (m, 8H; p-MeC6H4), 3.87 (s, 2H;
NH), 3.81 (m, 4H; �CH), 3.37 (m, 4H; �CH), 2.35 (m, 4H; CH2


exo), 2.06
(m, 4H; CH2


exo), 2.26 (s, 6H; p-MeC6H4), 1.92 (m, 4H; CH2
endo), 1.29 (m,


4H; CH2
endo); for the syn isomer (50%): �� 6.97 (�A, 4H), 6.76 (�B,


J(A,B)� 7.8 Hz, 4H; p-MeC6H4), 3.64 (m, 4H;�CH), 3.13 (m, 4H;�CH),
2.70 (s, 2H; NH), 2.25 (m, 4H; CH2


exo), 1.98 (m, 4H; CH2
exo), 2.26 (s, 6H; p-


MeC6H4), 1.43 (m, 8H; CH2
endo); 13C{1H} NMR (CD2Cl2, 25 �C): �� 149.5


(Ci), 147.5 (Ci), 131.6 (Cp), 131.5 (Cp), 129.2 (Cm), 128.4 (Cm), 122.9 (Co),
122.3 (Co), 63.9, 63.3, 60.5, 59.9 (�CH); 34.1, 31.7, 30.9, 30.3 (CH2); 20.6, 20.5
(p-MeC6H4); MS: m/z (%): 813 (70) [M�].


[{Rh(�-NHPh)(CNtBu)2}2] (11): tert-Butyl isocyanide (232.5 �L,
2.08 mmol) was slowly added to a suspension of [{Rh(�-NHPh)(cod)}2]
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(2 ; 318.0 mg, 0.52 mmol) in diethyl
ether (10 mL). After stirring for 4 h,
the suspension obtained was concen-
trated to a volume of about 5 mL and
hexane (10 mL) was added to com-
plete the crystallization. The yellow
microcrystalline solid was collected by
filtration under argon, washed with
hexane (2� 5 mL), and dried in vacuo.
Yield: 270.3 mg (69%); elemental
analysis calcd (%) for C32H48N6Rh2
(722.6): C 53.19, H 6.69, N 11.63;
found: C 53.13, H 6.21, N 12.07; IR
(diethyl ether): �� � 2123 (s), 2087 (m),
2054 (s) cm�1 (CN); 1H NMR
([D6]benzene, 25 �C): �� 7.48 (d,
3J(H,H)� 7.5 Hz, 4H; Ho), 7.11 (t,
3J(H,H)� 7.5 Hz, 4H; Hm), 6.71 (t,
3J(H,H)� 7.5 Hz, 2H; Hp), 2.49 (s,
2H; NH); 0.89 (s, 36H; tBu); 13C{1H}
NMR ([D6]benzene, 25 �C): �� 165.6
(Ci), 127.3 (Cm), 122.6 (Co), 117.0 (Cp),
153.6 (d, 1J(C,Rh)� 67 Hz;
CNC(CH3)3), 127.3 (Cm), 54.9
(C(CH3)3), 30.6 (C(CH3)3); MS: m/z
(%): 722 (25) [M�].


[{Rh(�-4-HNC6H4Me)(CNtBu)2}2]
(12): This compound was prepared as
described for 11 starting from [{Rh(�-
4-HNC6H4Me)(cod)}2] (3 ; 429.0 mg,
0.68 mmol) and tert-butyl isocyanide
(300 �L, 2.70 mmol). Yield: 405.0 mg
(80%); elemental analysis calcd (%)
for C34H52N6Rh2 (750.6): C 54.40, H
6.98, N 11.19; found: C 55.10, H 7.16, N 10.44; IR (cyclohexane): �� � 2131
(m), 2122 (s), 2091 (m), 2051 cm�1 (s; CN); 1H NMR ([D6]benzene, 25 �C):
�� 7.39 (�A, 4H), 6.91 (�B, J(A,B)� 8.1 Hz, 4H; p-MeC6H4), 2.43 (s, 2H;
NH), 2.26 (s, 6H; p-MeC6H4), 0.92 (s, 36H; tBu); 13C{1H} NMR
([D6]benzene, 25 �C): �� 162.8 (Ci), 127.8 (Cm), 125.2 (Co), 122.4 (Cp),
54.8 (C(CH3)3), 30.5 (C(CH3)3), 20.7 (p-MeC6H4); MS: m/z (%): 750 (45)
[M�].


[{Rh(�-NPh2)(CNtBu)2}2] (13): This compound was prepared as described
for 11 starting from [{Rh(�-NPh2)(cod)}2] (4 ; 380.0 mg, 0.50 mmol) and tert-
butyl isocyanide (222.0 �L, 2.00 mmol). Yield: 284.0 mg (65%); elemental
analysis calcd (%) for C44H56N6Rh2 (874.8): C 60.41, H 6.45, N 9.61; found:
C 60.27, H 6.40, N 9.81; IR (cyclohexane): �� � 2129 (s), 2104 (m), 2064 (s),
2056 cm�1 (s; CN); 1H NMR ([D6]benzene, 25 �C): �� 8.32 (d, 3J(H,H)�
7.8 Hz, 8H; Ho), 7.11 (t, 3J(H,H)� 7.5 Hz, 8H; Hm), 6.80 (t, 3J(H,H)�
7.2 Hz, 4H; Hp), 0.82 (s, 36H; tBu); 13C{1H} NMR ([D6]benzene, 25 �C):
�� 163.1 (Ci), 128.4 (Cm), 126.9 (Co), 119.8 (Cp), 150.0 (d, 1J(C,Rh)�
71 Hz; CNC(CH3)3), 55.1 (C(CH3)3), 30.3 (C(CH3)3); MS: m/z (%): 874
(25) [M�], 706 (100) [M�� 2CNtBu].
Crystal structure determinations of compounds 3 ¥ C4H10O, 5, 12 ¥ 1/
2(C4H10O), and 13 : A summary of crystal data and refinement parameters
is given in Table 6. Data were collected at 173(2) K on a Siemens Smart
APEX diffractometer with graphite-monochromated MoK� radiation (��
0.71073 ä) using narrow � scans (0.3�). Corrections for Lorentz and
polarization effects were applied, and a multiscan absorption correction
based on the multiplicity of the collected data was performed.[23] The
structures were solved by the Patterson method (SHELXS97)[24] and
difference Fourier techniques, and were refined by full-matrix least-squares
on F 2 (SHELXL97).[24] Scattering factors, corrected for anomalous
dispersion, were used as implemented in the refinement program.
All non-hydrogen atoms not involved in disorders were refined with
anisotropic displacement parameters; the solvent molecules of 3 and 12,
and three tert-butyl groups of 13 were found to be disordered, and were
refined with isotropic displacement parameters and restraints in their
geometries. The positions of the hydrogen atoms were calculated, except
for the hydrogens of the sp2 carbon or nitrogen atoms bonded to the metals,
which were located in difference-Fourier maps, and were refined as riding
on the corresponding carbon or nitrogen atoms. The hydrogen atoms of the


disordered solvent molecules (3, 12) and of the tert-butyl groups of
compound 13 were not included in the refinement. CCDC-177868 ± 177871
(3, 5, 12, and 13 ) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; e-mail : deposit@ccdc.cam.ac.uk).


Acknowledgements


Generous financial support from the Direccio¬n General de Ensenƒ anza
Superior e Investigacio¬n (DGES) and the Ministerio de Ciencia y
TecnologÌa (MCyT-PNI) (Projects PB98 ± 641 and BQU2000 ± 1170) is
gratefully acknowledged.


[1] M. D. Fryzuk, W. R. Piers, Organometallics 1990, 9, 986.
[2] a) B. R. James, Catalysis Today 1997, 37, 209; b) R. Sablong, J. A.


Osborn, J. W. Faller, J. Organomet. Chem. 1997, 525, 65; c) B. R.
James, Chem. Ind. 1995, 62, 167; d) G. E. Ball, W. R. Cullen, M. D.
Fryzuk, W. J. Henderson, B. R. James, K. S. MacFarlane, Inorg. Chem.
1994, 33, 1464, e) A. G. Becalski, W. R. Cullen, M. D. Fryzuk, B. R.
James, G.-J. Kang, S. J. Rettig, Inorg. Chem. 1991, 30, 5002; f) J. Bakos,
A. Orosz, B. Heil, M. Laghmari, P. Lhoste, D. Sinou, J. Chem. Soc.
Chem. Commun. 1991, 1684; g) T. Ng Cheong Chan, J. A. Osborn, J.
Am. Chem. Soc. 1990, 112, 9400; h) F. Spindler, B. Pugin, H. U. Blaser,
Angew. Chem. 1990, 102, 561; Angew. Chem. Int. Ed. Engl. 1990, 29,
558; i) C. J. Longley, T. J. Goodwin, G. Wilkinson, Polyhedron 1986, 5,
1625.


[3] M. D. Fryzuk, W. E. Piers, S. J. Rettig, Can. J. Chem. 1992, 70, 2381.
[4] a) J. P. Wolfe, H. Tomori, J. P. Sadighi, J. Yin, S. L. Buchwald, J. Org.


Chem. 2000, 65, 1158; b) B. H. Yang, S. L. Buchwald, J. Organomet.
Chem. 1999, 576, 125; c) F. E. Goodson, S. I. Hauck, J. F. Hartwig, J.
Am. Chem. Soc. 1999, 121, 7527; d) J. F. Hartwig, M. Kawatsura, S. I.
Hauck, K. H. Shaughnessy, L. M. Alca¬zar-Roma¬n, J. Org. Chem. 1999,


Table 6. Crystallographic data for compounds 3 ¥ C4H10O, 5, 12 ¥ 1/2(C4H10O), and 13.


3 ¥ C4H10O 5 12 ¥ 1/2(C4H10O) 13


chem. formula C34H50N2ORh2 C44H52N2Rh2 C36H57N6O0.5Rh2 C44H56N6Rh2
fw 708.58 814.70 787.70 874.77
crystal system monoclinic orthorhombic triclinic monoclinic
space group P21/c (no. 14) Pbcn (no. 60) P1≈ (no. 2) P21/n (no. 14)
a [ä] 9.9100(10) 13.256(4) 11.3137(11) 14.001(3)
b [ä] 14.2145(14) 14.197(5) 12.7836(12) 19.261(4)
c [ä] 22.961(2) 19.454(6) 13.6555(13) 16.029(3)
� [�] ± ± 83.468(2) ±
	 [�] 91.217(2) ± 86.671(2) 90.662(4)

 [�] ± ± 84.791(2) ±
V [ä3] 3233.7(6) 3661(2) 1951.8(3) 4322.1(15)
Z 4 4 2 4
�calcd [gcm�3] 1.455 1.478 1.340 1.344
�(MoK�) [mm�1] 1.048 0.935 0.877 0.799
min./max. transmission 0.629/0.930 0.598/0.919 0.677/0.914 0.627/0.950
F(000) 1464 1680 818 1808
crystal size [mm] 0.10� 0.14� 0.24 0.10� 0.11� 0.13 0.06� 0.08� 0.28 0.05� 0.06� 0.11
� range [�] 1.69 ± 25.00 2.09 ± 25.00 1.50 ± 27.00 1.65 ± 25.00
reflections collected 17264 18884 19007 23214
independent reflections 5675 3225 8411 7581
Rint 0.1002 0.1559 0.0661 0.1367
reflections [F 2� 2(F 2)] 3585 1893 5321 3102
data/restraints/parameters 5675/22/365 3225/0/223 8411/7/414 7581/306/464
R(F) [F 2� 2(F 2)] 0.0530 0.0536 0.0516 0.0631
wR(F 2) (all data) 0.1132 0.1151 0.1074 0.1510
GOF(F 2) (all data) 0.870 0.868 0.883 0.783
largest diff. peak/hole [eä�3] 0.733/� 0.544 1.309/� 0.883 1.314/� 0.661 1.328/� 0.786







FULL PAPER M. A. Ciriano, L. A. Oro et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0814-3138 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 143138


64, 5575; e) J. F. Hartwig, Angew. Chem. 1998, 110, 2154; Angew.
Chem. Int. Ed. 1998, 37, 2047.


[5] a) O. Lˆber, M. Kawatsura, J. F. Hartwig, J. Am. Chem. Soc. 2001, 123,
4366; b) M. Kawatsura, J. F. Hartwig, Organometallics 2001, 20, 1960;
c) M. Kawatsura, J. F. Hartwig, J. Am. Chem. Soc. 2000, 122, 9546;
d) A. L. Seligson, W. C. Trogler, Organometallics 1993, 12, 744.


[6] a) M. Beller, O. R. Thiel, H. Trauthwein, C. G. Hartung, Chem. Eur. J.
2000, 6, 2513; b) S. Burling, L. D. Field, B. A. Messerle, Organo-
metallics 2000, 19, 87; c) H. Trauthwein, A. Tillack, M. Beller, Chem.
Commun. 1999, 2029; d) T. E. M¸ller, M. Beller, Chem. Rev. 1998, 98,
675; e) R. Dorta, P. Egli, F. Z¸rcher, A. Togni, J. Am. Chem. Soc. 1997,
119, 10857; f) J.-J. Brunet, Gazz. Chim. Ital. 1997, 127, 111, and
references therein; g) A. L. Casalnuovo, J. C. Calabrese, D.Milstein, J.
Am. Chem. Soc. 1988, 110, 6738.


[7] a) M. Beller, H. Trauthwein, M. Eichberger, C. Breindl, J. Herwig,
T. E. M¸ller, O. R. Thiel, Chem. Eur. J. 1999, 5, 1306; b) M. Beller, H.
Trauthwein, M. Eichberger, C. Breindl, T. E. M¸ller, A. Zapf, J.
Organomet. Chem. 1998, 566, 277; c) M. Beller, M. Eichberger, H.
Trauthwein, Angew. Chem. 1997, 109, 2306; Angew. Chem. Int. Ed.
Engl. 1997, 36, 2225.


[8] H. M. Senn, P. E. Blˆchl, A. Togni, J. Am. Chem. Soc. 2000, 122, 4098.
[9] R. Kempe, Angew. Chem. 2000, 112, 478; Angew. Chem. Int. Ed. 2000,


39, 469.
[10] a) M. V. Jime¬nez, E. Sola, M. A. Egea, A. Huet, A. C. Francisco, F. J.


Lahoz, L. A. Oro, Inorg. Chem. 2000, 39, 4868; b) H. Matsuzaka, T.
Kamura, K. Ariga, Y. Watanabe, T. Okubo, T. Ishii, M. Yamashita, M.
Kondo, S. Kitagawa, Organometallics 2000, 19, 216; c) M. V. Jime¬nez,
E. Sola, A. P. MartÌnez, F. J. Lahoz, L. A. Oro, Organometallics 1999,
18, 1125; d) M. V. Jime¬nez, E. Sola, J. A. Lo¬pez, F. J. Lahoz, L. A. Oro,
Chem. Eur. J. 1998, 4, 1398; e) L. A. Oro, M. J. Ferna¬ndez, J. Modrego,
J. M. Lo¬pez, J. Organomet. Chem. 1985, 287, 409; f) L. A. Oro, M. J.
Ferna¬ndez, J. Modrego, C. Foces-Foces, F. H. Cano, Angew. Chem.
1984, 96, 897; Angew. Chem. Int. Ed. Engl. 1984, 23, 913.


[11] a) L. Dahlenburg, K. Herbst, J. Chem. Soc. Dalton Trans. 1999, 3935;
b) R. Fandos, M. MartÌnez-Ripoll, A. Otero, M. J. Ruiz, A. RodrÌguez,
P. Terreros,Organometallics 1998, 17, 1465; c) K. Mashima, T. Abe, K.
Tani, Chem. Lett. 1998, 1201; d) M. D. Fryzuk, X. Gao, K. Joshi, P. A.
MacNeil, R. L. Massey, J. Am. Chem. Soc. 1993, 115, 10581, and
references therein; e) M. K. Cooper, G. J. Organ, P. A. Duckworth, K.
Henrick, M. McPartlin, J. Chem. Soc. Dalton Trans. 1988, 2287; f) B.
Cetinkaya, M. F. Lappert, S. Toroni, J. Chem. Soc. Chem. Commun.
1979, 843.


[12] a) J.-J. Brunet, G. Commenges, D. Neibecker, L. Rosenberg, J.
Organomet. Chem. 1996, 522, 117; b) M. Rahim, C. H. Bushweller,
K. J. Ahmed, Organometallics 1994, 13, 4952; c) M. Rahim, K. J.
Ahmed, Organometallics 1994, 13, 1751; d) D. S. Glueck, L. J. N.


Winslow, R. G. Bergman, Organometallics 1991, 10, 1462; e) D. S.
Glueck, R. G. Bergman, Organometallics 1991, 10, 1479.


[13] a) R. Dorta, A. Togni,Helv. Chim. Acta 2000, 83, 119; b) M. K. Kolel-
Veetil, A. L. Rheingold, K. J. Ahmed,Organometallics 1993, 12, 3439.


[14] a) J.-J. Brunet, J.-C. Daran, D. Neibecker, L. Rosenberg, J. Organo-
met. Chem. 1997, 538, 251; b) M. K. Kolel-Veetil, M. Rahim, A. J.
Edwards, A. L. Rheingold, K. J. Ahmed, Inorg. Chem. 1992, 31, 3877.


[15] a) S. Kannan, A. J. James, P. R. Sharp, Polyhedron 2000, 19, 155; b) J.
Ruiz, V. Rodriguez, G. Lo¬pez, J. Casabo¬ , E. Molins, C. Miravitlles,
Organometallics 1999, 18, 1177; c) J. J. Li, W. Li, A. J. James, T.
Holbert, T. P. Sharp, P. R. Sharp, Inorg. Chem. 1999, 38, 1563; d) M. S.
Driver, J. F. Hartwig, Organometallics 1997, 16, 5706; e) F. Ragaini, S.
Cenini, F. Demartin, J. Chem. Soc. Dalton Trans. 1997, 2855; f) L. A.
Villanueva, K. A. Abboud, J. M. Boncella, Organometallics 1994, 13,
3921; g) J. Ruiz, M. T. Martinez, C. Vicente, G. GarcÌa, G. Lo¬pez, P. A.
Chaloner, P. B. Hitchcock,Organometallics 1993, 12, 4321; h) M. Kita,
M. Nonoyama, Polyhedron 1993, 12, 1027; i) S. Okeya, H. Yoshimatsu,
Y. Nakamura, S. Kawaguchi, Bull. Chem. Soc. Jpn. 1982, 55, 483.


[16] a) J. F. Hartwig Acc. Chem. Res. 1998, 31, 852; b) M. S. Driver, J. F.
Hartwig, J. Am. Chem. Soc. 1997, 119, 8232; c) M. S. Driver, J. F.
Hartwig, J. Am. Chem. Soc. 1995, 117, 4708; d) L. A. Villanueva, K. A.
Abboud, J. M. Boncella, Organometallics 1992, 11, 2963.


[17] G. Aullo¬n, A. Lledo¬ s, S. Alvarez, Inorg. Chem. 2000, 39, 906.
[18] C. Tejel, M. A. Ciriano, M. Bordonaba, J. A. Lo¬pez, F. H. Lahoz, L. A.


Oro, Inorg. Chem. 2002, 41, 2348.
[19] G. C. MartÌn, G. J. Palenik, J. M. Boncella, Inorg. Chem. 1990, 29,


2027.
[20] C. Tejel, J. M. Villoro, M. A. Ciriano, J. A. Lo¬pez, E. Eguiza¬bal, F. H.


Lahoz, V. I. Bakhmutov, L. A. Oro, Organometallics 1996, 15, 2967.
[21] See, for example: a) K. N. Jayaprakash, D. Conner, T. B. Gunnoe,


Organometallics 2001, 20, 5254; b) K. N. Jayaprakash, T. B. Gunnoe,
P. D. Boyle, Inorg. Chem. 2001, 40, 6481; c) P. L. Holland, R. A.
Andersen, R. G. Bergman, Comments Inorg. Chem. 1999, 21, 115;
d) P. L. Holland, R. A. Andersen, R. G. Bergman, J. Am. Chem. Soc.
1996, 118, 1092; e) K. G. Caulton, New J. Chem. 1994, 18, 25; f) H. E.
Bryndza, L. K. Fong, R. A. Paciello, W. Tam, J. E. Bercaw, J. Am.
Chem. Soc. 1987, 109, 1444.


[22] a) G. Giordano, R. H. Crabtree, Inorg. Synth. 1979, 19, 218; b) J. L.
Herde, J. C. Lambert, C. V. Senoff, Inorg. Synth. 1974, 15, 18.


[23] SADABS: Area-Detector Absorption Correction; Bruker Industrial
Automation, Inc., Madison, WI, 1996.


[24] Programs for crystal structure analysis (Release 97 ± 2). G. M.
Sheldrick, Instit¸t f¸r Anorganische Chemie der Universit‰t, Gˆttin-
gen (Germany), 1998.


Received: February 5, 2002 [F3853]








Electrochemical Cleavage of N�N Bonds at a Mo2(�-SMe)3 Site Relevant to
the Biological Reduction of Dinitrogen at a Bimetallic Sulfur Centre


Nathalie Le Grand,[a, b] Kenneth W. Muir,[c] FranÁois Y. Pe¬tillon,[a] Christopher J. Pickett,[b]
Philippe Schollhammer,[a] and Jean Talarmin*[a]


Abstract: The reduction of diazene
complexes [Mo2Cp2(�-SMe)3(�-�2-
H�N�N�R)]� (R�Ph (3a); Me (3b))
and of the hydrazido(2� ) derivative
[Mo2Cp2(�-SMe)3{�-�1-N�N(Me)H}]�


(1b) has been studied by cyclic voltam-
metry, controlled-potential electrolysis,
and coulometry in THF. The electro-
chemical reduction of 3a in the presence
of acid leads to cleavage of the N�N
bond and produces aniline and either
the amido complex [Mo2Cp2(�-SMe)3-
(�-NH2)] 4 or the ammine complex
[Mo2Cp2(�-SMe)3(NH3)(X)] 5, depend-


ing on the initial concentration of acid
(HX�HTsO or CF3CO2H). The N�N
bond of the methyldiazene analogue 3b
is not cleaved under the same condi-
tions. The ability of 3a but not 3b to
undergo reductive cleavage of the N�N
bond is attributed to electronic control
of the strength of the Mo�N(R) bond by


the R group. The electrochemical reduc-
tion of the methylhydrazido(2� ) com-
pound 1b in the presence of HX also
results in cleavage of the N�N bond,
with formation of methylamine, 4 (or 5)
and the methyldiazenido complex
[Mo2Cp2(�-SMe)3(�-�1-N�N�Me)].
Formation of the last of these complexes
indicates that two mechanisms (N�N
bond cleavage and possibly H2 produc-
tion) are operative. A pathway for the
reduction of N2 at a dinuclear site of
FeMoco is proposed on the basis of
these results.


Keywords: dinuclear complexes ¥
electrochemistry ¥ molybdenum ¥
N ligands ¥ N�N bond cleavage ¥
nitrogen fixation ¥ S ligands


Introduction


The determination of the structure[1, 2] of the iron ± molybde-
num cofactor (FeMoco) of Mo nitrogenase has so far led
neither to a clearer picture of how dinitrogen is activated on
this cluster nor to improvements in the design of synthetic
catalysts for N2 reduction. Indeed, it is still a matter of debate
which site on the cofactor binds and reduces molecular N2. It
may be mononuclear (and in this case the metal could be
either Mo or Fe) or polynuclear. The octahedral geometry of
the unique Mo centre has led some to question the role of
molybdenum in N2-binding and reduction.[1a, 3, 4, 5c] However,
in the crystal structure the molecule is in a redox state that is
inactive toward N2 reduction. Addition of the three electrons


required to activate the enzyme may be accompanied by
substantial changes in the Mo coordination sphere. Recently,
there has been strong support for the idea that the molybde-
num centre of FeMoco is involved in N2 binding and
reduction.[6, 7] The contrary view that the central array of
coordinatively unsaturated Fe atoms might be the active site is
supported by theoretical calculations, which modelled the
coordination of dinitrogen to the trigonal prism of iron
atoms.[8±11] Although it is known from studies of functional
models that two metal centres are not essential for the
reduction of N2 to ammonia,[7, 12±16] these calculations also
indicate that coordination of the substrate to several metal
centres would facilitate cleavage of the N�N triple bond.
Discussions about the participation of a second metal centre
in chemical nitrogen fixation almost invariably refer[5-


a,b, 7, 12±16, 17c] to M(�-L)M� complexes in which the two metal
centres (which may be the same or different) are bridged only
by the substrate L (L�N2, N2H2, N2H4). Transformations (i.e.
protonation, reduction) of the bridging substrate result in
disruption of the dinuclear assembly at some stage of the
reduction process, so that the utility of the second metal can
be questioned in these models. One of these complexes did,
however, lead to cleavage of the dinitrogen triple bond.[17a,b]


Our approach involves a dinuclear site that is conceptually
quite different. The possibility that Mo(�-S)Fe or Fe(�-S)Fe
arrangements occur at the binding site on the cofactor[5d, 21±23]
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has led us to investigate complexes with a robust {M2(�-SR)n}
unit (M�V,[18b] Mo,[18a] W,[18a] Fe,[18g] n� 2 or 3). {Fe(�-
SR)2Fe}[18g, 19] or {Ru(�-SR)nRu}[20] cores can be seen as
models for the metal sites of FeMoco, even though they do
not bind dinitrogen. Besides our efforts to construct such a
{M2(�-SR)n} site capable of binding N2,[18] we are also
interested in the transformation at dinuclear sites of nitro-
genous ligands, which may be intermediates in the reduction
of dinitrogen to ammonia. Because we wanted to explore the
reactivity and the specificity of dinuclear sites in the trans-
formation of diazo ligands, we attached as much importance
to this characteristic as to the nature of the metal centres in
the complexes; for this reason, we used {M(�-SR)nM} com-
pounds (M�Mo or W).[18] One of the obvious roles of the
bridging thiolate ligands in these species is to maintain the
close proximity of the metal centres throughout the reaction
sequence, thus preventing disruption of the dinuclear entity.[24]


The metal ± metal separation, ranging from about 2.6 to
3 ä,[18a, 26, 27] precludes linear M(�-L)M� arrangements in these
models. Instead, �-�2 and nonlinear �-�1 modes of substrate
coordination are both possible,[20, 27] as is terminal binding of
the substrate to one of the metal atoms.[18±20]


We have recently reported on the reactivity[28] of the amide
complex [Mo2Cp2(�-SMe)3(�-NH2)], and have shown that the
electrochemical reduction of the metal imide, [Mo2Cp2(�-
SMe)3(�-NH)]� in the presence of acid produces ammonia via
the amide and ammine derivatives.[29]


We now show that the N�N bonds of �-�2-H�N�N�Ph and
�-�1-N�N(Me)H ligands can be cleaved by electrochemical
reduction of [Mo2Cp2(�-SMe)3(�-N2HR)]�[27, 30] in the pres-
ence of acid. The reduction produces complexes in which an
ammine or amide ligand is coordinated to the conserved
{[Mo2Cp2(�-SMe)3]�} core. We believe that these results give


new insight into the reduction of dinitrogen at a bimetallic
sulfur-bridged site of FeMoco. Some of this work has already
appeared in a preliminary form.[31]


Results


Electrochemical reduction of [Mo2Cp2(�-SMe)3(�-�2-
HNNPh)]� , 3a : We have previously reported the synthesis
of three different isomers of [Mo2Cp2(�-SMe)3(�-N2HPh)]� ,
in which the diazo ligand is bound to the metal core in the �-�1


(1a) and in the �-�2 mode (2a, 3a).[27, 30] The conversion of the
phenylhydrazido(2� ) complex 1a to the �-�2 isomer 3a,
occurs via the third isomer 2a, which differs from 3a by the
relative disposition of the equatorial SMe groups (2a, anti :
™up ± down∫; 3a, syn : ™up ± up∫).[27] Since 1a would be
converted to a mixture of the different isomers by the thermal
process on the electrolysis time scale, we decided to focus our
electrochemical study on the final isomer, 3a. However, the
redox potentials of 1a and 2a are also listed in Table 1.


The cyclic voltammetry (CV[32]) of 3a shows three reduc-
tion processes in THF/[NBu4][PF6] at E1/2


red1��1.63, Ep
red2�


�2.9, and Ep
red3�� 3.2 V. The latter two reductions were not


investigated. The first reduction (Figure 1) is a diffusion-
controlled one-electron step (by comparison of the reduction
peak current, ipred1, to the peak current of the reversible[33]


oxidation, ipox: the ratio ipred1/ipox� 1.1; Figure 1); the electron


Figure 1. Cyclic voltammetry of [Mo2Cp2(�-SMe)3(�-�2-HN�NPh)]� (3a ;
about 0.8m�) in THF/[NBu4][PF6] (vitreous carbon electrode, v�
0.2 Vs�1).


Abstract in French: Les processus de re¬duction de complexes
diazene [Mo2Cp2(�-SMe)3(�-�2-H�N�N�R)]� (R�Ph (3a);
Me (3b)) et hydrazido(2� ) [Mo2Cp2(�-SMe)3{�-�1-
N�N(Me)H}]� (1b) ont e¬te¬ e¬tudie¬s dans le thf par voltamme¬-
trie cyclique, e¬lectrolyse a¡ potentiel contro√le¬ et coulome¬trie.
Alors que la re¬duction de 3a en milieu acide conduit a¡ la
coupure de la liaison N�N et a¡ la formation d×aniline et des
de¬rive¬s amidure [Mo2Cp2(�-SMe)3(�-NH2)] 4 ou ammine
[Mo2Cp2(�-SMe)3(NH3)(X)] 5 selon la quantite¬ initiale
d×acide (HX�HTsO or CF3CO2H), la liaison N�N de 3b
n×est pas coupe¬e par re¬duction de ce complexe en pre¬sence de
protons. Cette diffe¬rence est attribue¬e a¡ l×effet du substituant R
(R�Ph ou Me) sur la solidite¬ de la liaison Mo�N(R). La
re¬duction du complexe me¬thylhydrazido(2� ) 1b en pre¬sence
de protons conduit a¡ la coupure de la liaison N�N et a¡ la
formation du compose¬ 4 (ou 5) et du complexe diaze¬nido
[Mo2Cp2(�-SMe)3(�-�1-N�N�Me)] pre¬curseur de 1b. La for-
mation du de¬rive¬ diaze¬nido indique la coexistence de deux
me¬canismes (coupure N�N et vraisemblablement production
de H2) dans ce cas. Les re¬sultats sugge¡rent une possible
intervention de deux centres me¬talliques du FeMoco dans le
processus de re¬duction de l×azote mole¬culaire par la nitroge¬-
nase.


Table 1. Redox potentials of [Mo2Cp2(�-SMe)3(�-N2HR)]� complexes (CV meas-
urements in THF/[NBu4][PF6], V/Fc).


Compound Ep
red E1/2


ox1 E1/2
ox2


[Mo2Cp2(�-SMe)3(�-�1-NNHPh)]� (1a) � 1.56 0.2 (irr)[a]


[Mo2Cp2(�-SMe)3(�-�2-HNNPh)]� (2a) � 1.65 � 0.11 0.89 (irr)
[Mo2Cp2(�-SMe)3(�-�2-HNNPh)]� (3a) � 1.63 (E1/2) 0 0.89 (irr)
[Mo2Cp2(�-SMe)3(�-�1-NNHMe)]� (1b) � 1.90 0.07 (irr)
[Mo2Cp2(�-SMe)3(�-�2-HNNMe)]� (2b) � 1.88 � 0.15 0.78 (irr)
[Mo2Cp2(�-SMe)3(�-�2-HNNMe)]� (3b) � 1.94 � 0.05 0.74 (irr)


[a] irr� irreversible.
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transfer is coupled to chemical reaction(s) affording a product
that is irreversibly oxidizable at �0.95 V (EC process[32, 35]).
Partial reversibility of the first reduction of 3a is obtained on
increasing the scan rate or on decreasing the temperature
(v� 0.2 Vs�1, T��40 �C, THF electrolyte, �Ep


red� 80 mV,
(ipa/ipc)red� 0.45). Under these conditions, the ratio of the peak
current of the oxidation at �0.95 V to ipred1 is slightly
decreased. The rate constant of the chemical reaction follow-
ing the electron transfer was determined in THFat 20 �C using
the method of Nicholson and Shain:[36] kobs� 1.5� 0.1 s�1. The
peak current ratio of the first two reductions, ipred2/ipred1,
decreases on lowering the temperature ((ipred2/ipred1)� 0.9 at
20 �C and about 0.5 at �40 �C, THF electrolyte). This
indicates that the peak around �2.9 V is due to a product
generated by the first reduction.


Controlled-potential reduction at �1.8 V (THF/[NBu4]-
[PF6], Pt cathode) quantitatively produced the neutral �-�2-
phenyldiazenido complex[37] after 0.9� 0.1 Fmol�1 of 3a had
been consumed. The species responsible for the oxidation at
�0.95 V was not present after electrolysis so we assigned it as
an intermediate (I) of the reduction process. Plots of the cell
current versus the charge passed show that the charge
extrapolated from the early stages of the electrolysis is close
to 2 Fmol�1 of 3a, but after about 0.5 Fmol�1 3a has been
consumed, the curve deviates markedly from linearity and the
electrolysis ends after consumption of approximately
1 Fmol�1 of 3a. Therefore, although the overall stoichiometry
and the product of the electrochemical reduction are con-
sistent with the one-electron process in Scheme 1, it is clear
that [Mo2Cp2(�-SMe)3(�-�2-NNPh)] does not arise simply
from the loss of an hydrogen atom from either the phenyl-
diazene radical or intermediate I.[38] The latter must be
involved in reactions that are too slow for detection by CV.
The nature of the reaction or reactions converting I to the
final product on the electrolysis time scale is unknown.


Reduction of [Mo2Cp2(�-SMe)3(�-�2-HNNPh)]� (3a) in the
presence of acid : The stepwise addition of acid (p-toluene-
sulfonic acid, HTsO or trifluoroacetic acid, CF3CO2H) to a
THF/[NBu4][PF6] solution of 3a was monitored by cyclic
voltammetry. This showed that the peak current (ipox) of the
reversible oxidation of the complex at E1/2


ox� 0 V was not
affected by the addition of acid, which demonstrates that 3a is
not protonated. Furthermore, the first reduction is irrever-
sible in the presence of protons at scan rates at which some


reversibility was observed in the absence of acid; ipred1


increases substantially until about one equivalent of acid has
been added (1 equiv H�, (ipred1/ipox)� 2 for v� 0.02 Vs�1; 1.7
for v� 0.2 Vs�1), while a smaller increase is noted for further
additions. This is consistent with the occurrence of an ECE
mechanism[32, 35] in the presence of acid, where the chemical
step is the protonation of the primary reduction product.
Owing to the short lifetime of [Mo2Cp2(�-SMe)3(�-�2-
HNNPh)] . in the absence of acid (t1/2� 0.5 s), its reaction
product (intermediate I ; Scheme 1) could also be protonated.
The fact that addition of acid resulted in the suppression of the
redox process of I at �0.95 V shows that either I is
protonated, or that its formation is prevented by protonation
of its precursor.


The plot of the current function ipred1/v1/2 versus scan rate
(Figure 2) reveals two important points. First, the ratio of the
current function measured at a scan rate v� 1 Vs�1 in the
presence of acid to that measured in the absence of acid is 1.5
(1 equiv H�) or 1.6 (2 equiv H�). Secondly, this ratio increases


Figure 2. Plots of the current function (ipred1/v1/2) for the first reduction
against scan rate (v) in the absence of acid (�), and in the presence of one
equivalent (�), and two equivalents HTsO (�) (THF/[NBu4][PF6]; vitreous
carbon electrode).


to 2 (1 equiv H�) or 2.2 (2 equiv H�) at slow scan rates
(0.02 Vs�1). This indicates that 1) the initial electron transfer
is followed by a fast protonation step, which produces a
species reducible at a potential less negative than, or equal to,
that of 3a (ECE mechanism); this sequence causes the loss of
reversibility of the first reduction and the increase of the
reduction current observed at scan rates v� of about


Scheme 1. ��MoCp.
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0.4 Vs�1. 2) The species that results from the ECE process
undergoes slower chemical reactions followed by further
electron transfer steps detected by CV at slower scan rates
(v� 0.2 Vs�1, Figure 2). The rate constant of the first chemical
step was estimated as k� 25� 5 s�1 from the values of the
current function (0.6 Vs�1� v� 1 Vs�1) in the absence and in
the presence of protons, using the method of Nicholson and
Shain.[39]


New peaks arising from the product of the 1H�/2e sequence
(first ECE process) are observed around �2.3 V and �2.5 V
(irreversible reduction) and �0.32 V (irreversible oxidation,
Figure 3a). Variable scan rate- and ™ramp-clamp∫[40] CV
demonstrate that the species oxidizable at �0.32 V is the
precursor of a complex with E1/2


ox��0.6 V (HTsO, Fig-
ure 3b), or �0.58 V (CF3CO2H). These potentials are coin-
cident with those of the first oxidation of [Mo2Cp2-
(�-SMe)3(NH3)(X)] (5 ; 5a, X�TsO or 5b, X�CF3CO2).[28]


Figure 3. Cyclic voltammetry (a), and ™ramp-clamp∫ CV (b) of
[Mo2Cp2(�-SMe)3(�-�2-HN�NPh)]� (3a ; about 1.2m�) in THF/
[NBu4][PF6] in the presence of three equivalents HTsO. In b), the potential
was held at �1.8 V for 20 s before scan reversal (vitreous carbon electrode,
v� 0.2 Vs�1).


Controlled-potential electrolyses at a Pt or graphite cath-
odes were performed at �1.8 V in the presence of various
amounts of acid (HTsO or CF3CO2H). Electrolyses carried


out in the presence of one equivalent HTsO (1.8 Fmol�1 of
3a) and two equivalents HTsO (2.8 Fmol�1 of 3a) afforded
mixtures of [Mo2Cp2(�-SMe)3(�-�2-NNPh)] and [Mo2Cp2(�-
SMe)3(�-NH2)] (4), characterised by their redox potentials
and by comparison of the 1H NMR spectra of the solid
isolated from the catholyte with those of authentic samples of
these compounds. The presence of 4 demonstrates unambig-
uously that the N�N bond of the diazo ligand has been
reductively cleaved. An unidentified minor species with a
quasireversible oxidation around �0.8 V, already observed
after reduction of [Mo2Cp2(�-SMe)3(�-NH)]� ,[29] was also
present. Cyclic voltammetry of the catholyte after controlled-
potential reduction in the presence of 3 ± 3.5 equivalents
HTsO (n� 3.7� 0.2 Fmol�1 3a) showed that the amide
complex 4 was the major product (about 75%[37]) formed
along with [Mo2Cp2(�-SMe)3(�-�2-NNPh)]; the minor species
with E1/2


ox�� 0.8 V was again observed (Figure 4). Control-
led-potential reduction of 3a in the presence of six equivalents
HTsO afforded [Mo2Cp2(�-SMe)3(NH3)(TsO)] (5a) in ap-
proximately 80% yield,[37] after consumption of 6.4 Fmol�1 of
3a (Scheme 2). Compound 5a was characterised by its redox
potentials and by its reaction with a base, which produces 4.[28]


Figure 4. Cyclic voltammetry of the catholyte after controlled-potential
reduction (Pt cathode; E��1.8 V; 3.7 Fmol�1 3a) of [Mo2Cp2(�-SMe)3(�-
�2-HN�NPh)]� (3a ; about 0.6m�) in the presence of three equivalents
HTsO. The small reduction peak around �2.9 V is assigned to [Mo2Cp2(�-
SMe)3(�-�2-N�NPh)] (THF/[NBu4][PF6] vitreous carbon electrode, v�
0.2 Vs�1).


When CF3CO2H was used instead of HTsO, results similar
to those described above were obtained, except that the minor
species with a quasireversible oxidation around �0.8 V was
not present. Cyclic voltammetric monitoring of electrolyses
performed in the presence of four–six equivalents CF3CO2H
showed that [Mo2Cp2(�-SMe)3(NH3)(CF3CO2)] (5b), charac-
terised by its redox potential and by its reaction with a base,[28]


formed steadily from the beginning of the electrolysis. A
reversible oxidation around �0.35 V indicated the presence
of [Mo2Cp2(�-SMe)3(�-OCOCF3)][41] as a by-product of the
electrolyses (Figure 5b). This species was also obtained along
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Figure 5. Cyclic voltammetry of [Mo2Cp2(�-SMe)3(�-�2-HN�NPh)]� (3a ;
about 1.0m�) in the presence of five equivalents CF3CO2H (a) before and
(b) after controlled-potential reduction at �1.8 V (graphite cathode;
4.4 Fmol�1 3a). The CV in b) shows the presence of 5b (E1/2


ox1��0.58 V;
second oxidation irreversible under these conditions) and of [Mo2Cp2(�-
SMe)3(�-OCOCF3)] (E1/2


ox1��0.35 V) (THF/[NBu4][PF6] vitreous carbon
electrode, v� 0.2 Vs�1).


with 5b when [Mo2Cp2(�-SMe)3(�-NH)]� was reduced in the
presence of CF3CO2H.[29] In the presence of six equivalents of
acid 5b was the major product (about 84%[37]) formed after
consumption of about 5 Fmol�1 of 3a, while about 90% of 3a
had been reduced. Further electrolysis led to the decay of 5b
and produced [Mo2Cp2(�-SMe)3(�-NH2)] (4) in roughly 85%
yield[37] after 6.2 Fmol�1 of 3a (Scheme 3). The metal
complexes (�-amido, ammine, �-CF3CO2) formed by elec-
trolyses in the presence of four ± six equivalents CF3CO2H
represent � 90%[37] of the starting material. Consistent with
the cleavage of the N�N bond, aniline (55 ± 65 mol%) was
detected in the catholyte by GC.


The above results demonstrate that the electro-
chemical reduction of [Mo2Cp2(�-SMe)3(�-�2-HNNPh)]�


in the presence of acid leads to the cleavage of the N�N
bond of the phenyldiazene bridge. However, the reduc-
tion does not obey the limiting stoichiometry shown in
Scheme 2.


The dependence of the charge consumed on the amount of
acid initially present suggests that protons and electrons are
used to produce H2 during the electrolyses. The conversion of
5 to 4 towards the end of controlled-potential electrolyses
performed in the presence of an excess acid (6 equiv) suggests
that a base is generated during the reduction process. We have
checked that aniline cannot deprotonate [Mo2Cp2(�-
SMe)3(NH3)(X)] nor [Mo2Cp2(�-SMe)3(�-�2-HNNPh)]� .
However, both complexes can be deprotonated by ammonia
and [Mo2Cp2(�-SMe)3(NH3)(CO2CF3)] releases ammonia, as
is evident from the formation of [Mo2Cp2(�-SMe)3(�-
OCOCF3)].


Accordingly, the possibility that the reactivity of complex
5b is responsible for the generation of a base was investigated
in separate CVexperiments. After about one hour of stirring a
THF/[NBu4][PF6] solution of 5b under Ar, [Mo2Cp2(�-
SMe)3(�-OCOCF3)] was detected (about 15% by CV[37]) by
its oxidation processes (E1/2


ox1��0.35 V, E1/2
ox2� 0.33 V),


while a shoulder on the first oxidation peak of 5b indicated
the presence of 4. The solution was then electrolysed at
�1.8 V, the same potential as for the reduction of 3a. Notably,
only a very low current is flowing at that potential, since none
of the metal complexes present in solution is reducible
at �1.8 V (5b : Ep


red��2.76 V;[28] 4 : Ep
red��3.39 V;[28]


[Mo2Cp2(�-SMe)3(�-OCOCF3)], Ep
red��2.87 V). After con-


sumption of 0.75� 1.0 Fmol�1 of starting material, 5b was
completely converted to 4 (about 84%[37]) and to the �-
OCOCF3 complexes. CF3CO2H (1.5 equiv) was then added to
the solution and the electrolysis at �1.8 V was resumed; after
a further 1.3 Fmol�1 of starting material had passed, 4 and the
�-OCOCF3 product were present in about 60 and 40%
yield,[37] respectively. These reactions are summarised in
Scheme 3.


The change in the coordination of the trifluoroacetate
anion from terminal in 5b to bridging causes the release of
ammonia and affords [Mo2Cp2(�-SMe)3(�-OCOCF3)]
(Scheme 3, step a); in turn, the reaction of NH3 with
[Mo2Cp2(�-SMe)3(NH3)(CO2CF3)] generates 4 and ammoni-
um ions (Scheme 3, step b). Cyclic voltammetry of [NH4]� ,
prepared in THF/[NBu4][PF6] from aqueous NH3 and HBF4/
H2O, shows that ammonium ions can be reduced at �1.8 V
(Scheme 3, step c).


Scheme 2. ��MoCp; X�TsO or CF3CO2.
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During the electrolyses in the presence of acid, protonation
of 4 (Scheme 3, step d) regenerates 5b, as long as protons are
available in solution. The reactions in Scheme 3 (steps b ± d)
constitute a possible path for the reduction of protons, which
is indicated by coulometry during the electrolysis of 3a. When
the excess protons have been consumed, 4 is produced
(Scheme 3, step b); the formation of [Mo2Cp2(�-SMe)3(�-�2-
NNPh)] at the end of electrolyses of 3a performed in the
presence of four (or fewer) equivalents of acid is possibly due
to the deprotonation of the diazene complex 3a by ammonia.


From these experiments, it appears that the release of
ammonia from 5b may explain why the reduction of
[Mo2Cp2(�-SMe)3(�-�2-HNNPh)]� exceeds the limiting stoi-
chiometry in Scheme 2. The course of the controlled-potential
reduction of 3a in the presence of HX is similar for X�TsO
and CO2CF3. In particular, the conversion of 5a to the �-NH2


derivative 4 at the end of electrolyses performed in the
presence of HTsO suggests that ammonia is also released
from [Mo2Cp2(�-SMe)3(NH3)(TsO)], 5a. Although the by-
products of the reduction were not identified, [Mo2Cp2(�-
SMe)3(L)(TsO)] (L�H2O or thf) or [Mo2Cp2(�-SMe)3(�-
TsO)] are reasonable possibilities.[29]


Proposed mechanism for the cleavage of the N�N bond by
reduction of 3a in the presence of protons : The electro-
chemical cleavage of the N�N bond in 3a produces
[Mo2Cp2(�-SMe)3(�-NH2)] and aniline in an overall (theoret-
ical) 3H�/4e process (Scheme 2); no intermediates can be
isolated since they must be reducible at potentials less
negative than that of the starting material, 3a. However, the
similarity of the products formed by reduction of 3a and by
reduction of the imide complex [Mo2Cp2(�-SMe)3(�-NH)]�[29]


suggests that the latter (or its reduced form) might be involved


as an intermediate in the reduc-
tion of 3a. The variation of the
current function with scan rate
(Figure 2) demonstrates that
successive ECE mechanisms
are operative. These will be
discussed separately.


The first ECE mechanism : The
initial step of the process lead-
ing to the cleavage of the N�N
bond consists of the protona-
tion of a species generated by
reduction of 3a. If the mecha-
nism of the reduction were the
same, irrespective of whether
acid is present or absent, one
would expect the electrolysis to
result in the catalytic reduction
of protons to dihydrogen, with
[Mo2Cp2(�-SMe)3(�-�2-NNPh)]
as the only metal product. The
formation of products arising
from the N�N bond cleavage,
namely [Mo2Cp2(�-SMe)3(�-
NH2)] or [Mo2Cp2(�-


SMe)3(NH3)(X)] and PhNH2,, demonstrates that a different
mechanism operates when acid is present.


The change in the course of the reduction of 3a caused by
the presence of acid HX (X�TsO or CF3CO2) must arise
from the protonation of [Mo2Cp2(�-SMe)3(�-�2-HNNPh)] .


(and possibly of intermediate I). This is shown by the loss of
reversibility of the reduction of 3a in the presence of acid at
scan rates where some reversibility was observed in the
absence of acid (Scheme 4).


Several protonation sites may be considered, the two
nitrogen atoms and the lone pairs of the three bridging sulfur
atoms. EHMO calculations were carried out on the diazene
radical, assuming that the electron-transfer step causes no
structural change[42] with respect to the structurally charac-
terised[27] parent, 3a. The calculated net charges of the atoms
suggest that the N atoms are more susceptible to proton attack
(N(H): �0.63; N(Ph): �0.61) than the S atoms (Sequatorial :
�0.10, �0.11; Sapical : �0.12). Therefore, protonation at a N
atom followed by one-electron reduction produces a phenyl-
hydrazido(1� ) complex A, B, or C (Scheme 5).


Interconversion of protons[43] or of alkyl groups[44] on the
nitrogen atoms of mononuclear side-on bonded hy-
drazido(1� ) complexes has been reported. In
[W(Cp*)Me4(�2-NHNH2)], two different fluxional processes
take place.[43] The lower energy one consists in a proton shift
from one N atom to the other. The higher energy process
interconverts HB and HC and is thought to occur through the
�1-NHNH2 geometry (Scheme 6, R�H, M� {W(Cp*)Me4},
�G�� 53 kJmol�1).[43] A similar site-exchange mechanism
was reported for [MoCp(NMeNMe2)I(NO)] (R�Me, M�
{MoCpI(NO)}, �G�� 59 kJmol�1, Scheme 6).[44]


If similar fluxional processes take place for [Mo2Cp2-
(�-SMe)3(�-N2H2Ph)], species A and B would be related by


Scheme 3. ��MoCp.
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a proton 1,2-shift, while C would arise from a Mo�N�N�Mo
ring opening analogous to the one depicted in Scheme 6.
Formation of [TiCpCl2(�2-NPhNH2)] from [TiCpCl3] and
SiMe3NHNHPh also indicated that a proton 1,2-shift occur-
red.[45]


The second proton/electron-transfer mechanism : The reduc-
tion steps subsequent to the initial ECE process are detected
by the increase of the current function at slow scan rates
(Figure 2). The mechanism accounting for the ™middle part∫
of the reduction of 3amust therefore satisfy the condition that
the initial ECE process is isolated from the following
chemistry by a slow step. Protonation of nitrogenous ligands
can be slow when the N lone pairs are engaged in bonding
with metal atoms.[46, 47]


The observation that the reducible species arising from the
phenylhydrazido(1� ) intermediate A, B, or C in Scheme 5 is
formed by a chemical step, which is slower than the preceding
one (i.e. protonation in Scheme 4), suggests that a rearrange-


ment might be involved. Com-
plex C is a possible intermediate
of the N�N bond cleavage path-
way since decoordination of the
N(Ph) end of the diazo ligand is
indicated by the nature of the
electrolysis products. Indeed, we
have never observed the forma-
tion of a product such as
[Mo2Cp2(�-SMe)3(�-NHPh)],
which would result from the
cleavage of the N�N bond in a
�-�2-coordinated ligand, or from
the decoordination of the N(H)
end of the ligand. Protonation of
C, which has a lone pair of
electrons available at N�, is
expected to be fast. However,
its formation from A or B (ste-
p A, Scheme 7), which requires
a �2� �1 rearrangement, could


be the slow step isolating the initial ECE process from the
following proton/electron transfers.


The first two steps in Scheme 7 are analogous to the
protonation of the ligand in [Mo(S2CNMe2)2(�2-NHNMePh)-
(N2MePh)]� and in [Ta(S2CNEt2)3(�2-NMeNMe2)]� , which
involves the rate-determining opening of the MNN ring
(�2� �1 rearrangement, see Scheme 6) before subsequent fast
protic attack can take place at the remote N atom.[46, 49]


The N�N bond might be cleaved as shown in Scheme 7,
step C. However, several examples in the literature show that
protonation of hydrazido(1� ) ligands does not necessarily
lead to N�N bond cleavage. The protonated ligand can be
released as hydrazine[45, 46, 49±52] (protonated or not) or kept in
the metal coordination sphere as an �2 hydrazine ligand.[16b, 44]


In the case of Schrock×s complexes, protonation of
[W(Cp*)Me3(�2-NHNH2)] produces the �2-hydrazine deriva-
tive [W(Cp*)Me3(�2-NH2NH2)]� . A very elegant mechanism
for the N�N bond cleavage in the one-electron reduced
species has been proposed.[16b] This involves the migration of


Scheme 4. ��MoCp.


Scheme 5. ��MoCp.


Scheme 6.
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one of the NH2 protons of the �2-hydrazine ligand to the
metal, followed by a rearrangement of the resulting hydrido-
hydrazido(1� ) complex to an �1 geometry. Eventually,
migration of the M�H proton to the lone pair exposed on
the terminal nitrogen by the �2� �1 structural change causes
the N�N bond cleavage.[16b] It is possible that in our dinuclear
complexes, cleavage of the N�N bond also requires one-
electron reduction of [Mo2Cp2(�-SMe)3(�-�1-NHNH2Ph)]�


(Scheme 7, step D).
If no �2� �1 rearrangement took place, protonation of the


N(R) atom in A or B (R�Ph or H, respectively) would
produce a cation with an �2-bound phenylhydrazine ligand,
[Mo2Cp2(�-SMe)3(�-�2-NH2NHPh)]� . This complex, which
should also be the product
formed first when [Mo2Cp2-
(�-SMe)3(MeCN)2)]� is reacted
with phenylhydrazine, was not
observed in this reaction.[30] In-
stead, the phenyldiazene com-
plex 2a (Scheme 8) was isolated
along with variable (generally
low) yields of an amidato com-
plex resulting from hydration of


one of the MeCN ligands of the reactant.[53] The formation
of 2a therefore suggests that [Mo2Cp2(�-SMe)3-
(�-�2-NH2NHPh)]� is not stable toward elimination of H2.


This might also be a pathway for H2 production during the
reduction of 3a in the presence of acid. Dihydrogen loss as a
consequence of the treatment of metal complexes with
hydrazines has already been observed.[48]


The final proton/electron-transfer steps : The successive pro-
ton- and electron-transfer steps discussed above generate the
neutral or cationic �-imido species (Scheme 7). The reduction
of the latter to [Mo2Cp2(�-SMe)3(NH3)(X)] (Scheme 9) has
been described in detail elsewhere.[29]


Scheme 7. ��MoCp.


Scheme 8. ��MoCp.


Scheme 9. ��MoCp; X�TsO or CF3CO2.
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Reduction of [Mo2Cp2(�-SMe)3{�-�1-NNH(Me)}]� (1b) and
[Mo2Cp2(�-SMe)3(�-�2-HNNMe)]� (3b) in the presence of
acid : The above results indicate that a rearrangement of the
initially �-�2 ligand to a �-�1 geometry occurred during the
reduction of 3a in acidic medium. This suggests that reduction
of the hydrazido(2� ) (or isodiazene) isomer in the presence
of acid would lead more directly to N�N bond cleavage. Since
the phenylhydrazido(2� ) complex 1a could not be used
because of its conversion to the diazene isomers on the
electrolysis time scale (see above), we investigated the methyl
analogue (redox potentials in Table 1), whose isomerisation to
the methyldiazene form is much slower.[30] Controlled-poten-
tial reduction of [Mo2Cp2(�-SMe)3{�-�1-NNH(Me)}]� 1b at
the potential of its first, irreversible reduction produces the
diazenido derivative [Mo2Cp2(�-SMe)3(�-�1-NNMe)] quanti-
tatively, after consumption of about 1.2 Fmol�1 of 1b. This is
similar to the result obtained for the reduction of 3a in the
absence of acid (Scheme 1). Dihydrogen is also a likely
coproduct of the reduction of 1b.[38] Cyclic voltammetry of 1b
in THF/[NBu4][PF6] showed that addition of acid resulted in
an increase of the reduction current,[54] consistent with an
ECE-type mechanism, while new redox processes due to
products were detected on the return scan. Controlled-
potential electrolyses carried out under these conditions
(1 equiv�CF3CO2H� 4 equiv) led to a mixture of two
compounds, the diazenido complex and [Mo2Cp2(�-SMe)3-
(�-NH2)], 4, after consumption of 2.6 to 4 Fmol�1 of 1b,
depending on the initial amount of acid. The products were
identified by their redox potentials and by comparison of the
1H NMR spectra of the solid isolated from the catholyte with
those of authentic samples of these compounds. The presence
of both products in the catholyte, even when the electrolyses
were performed in the presence of an excess acid (4 equiv),
suggests that two different mechanisms are operative. One of
these produces [Mo2Cp2(�-SMe)3(�-�1-NNMe)] and presum-
ably H2, while the formation of 4 demonstrates that the N�N
bond is cleaved on reduction in the presence of acid.
Furthermore, the methylammonium cation (about 40 mol%
with respect to 1b) was detected by UV/Vis spectrometry of
the catholyte (Scheme 10).


In contrast, controlled-potential reduction of [Mo2Cp2-
(�-SMe)3(�-�2-HNNMe)]� 2b or 3b in the presence of acid
did not produce 4, which demonstrates that the N�N bond
was not cleaved. [Mo2Cp2(�-SMe)3(�-�2-NNMe)] was recov-
ered along with a species that could not be separated from the
supporting electrolyte and was therefore not characterised.
The failure of the electrolyses to cleave the N�N bond is also
confirmed by CV of the catholyte, which shows that irrever-


sible oxidation of the unknown product regenerates the
starting material (2b or 3b).


Discussion and Conclusion


Reduction of nitrogenous ligands at the {Mo2Cp2(�-SMe)3�}
site : The results presented above emphasise the effect both of
the coordination mode of the N2HR ligand at the {[Mo2Cp2(�-
SMe)3]�} core and of the R substituent on the mechanism and
products of the electrochemical reduction in the presence of
protons.


First, the reduction of [Mo2Cp2(�-SMe)3(�-N2HMe)]� is
clearly affected by the coordination mode of the diazo ligand.
The N�N bond is reductively cleaved only when the ligand
adopts a �-�1 coordination (hydrazido(2� ) or isodiazene:
1b), even though concurrent mechanisms producing the �-�1-
diazenido derivative also take place. In the case of the �-�2


coordination mode (diazene: 2b or 3b), no product resulting
from the N�N bond cleavage could be detected.


In contrast to the �-�2-HN�NMe complexes 2b or 3b,
reduction of the phenyl analogue 3a in the presence of acid
leads to N�N bond cleavage. Evidently, decoordination of the
N(R) end of the ligand occurs when R is electron-withdrawing
(Ph) but is disfavoured when R is electron-releasing (Me).
Thus, the N�N bond of a �-�2-HN�NR ligand is reductively
cleaved only when circumstances permit N(R) decoordina-
tion. Otherwise, �-�2 coordination could be a dead-end as far
as N�N bond cleavage is concerned.


Reduction of 1b and 3a to complexes 4 or 5 may proceed
via the bridging-imide derivative (Scheme 11; the reactions
producing H2 are not indicated). The number of electrons
involved in both reduction steps depends on whether the N�N
bond cleaves in [Mo2Cp2(�-SMe)3(�-�1-NHNH2R)]� (see
Scheme 7, step C) or after one-electron reduction of the latter
(see Scheme 7, step D). All the complexes in Scheme 11 have
been fully characterised and pathways for their conversion are
now firmly established.


The �-(NNR)� [�-(RNNH�) or (�-NN(R)H�)]� �-(NH�/


0)��-(NH2)�NH3 protonation and reduction steps[26±30] in
Scheme 11 involve dinuclear counterparts of several inter-
mediates involved in the Chatt cycle for mononuclear {MP4}
complexes[7, 12, 55] and in the Schrock cycle for {M(Cp*)Me3}
complexes,[16] (M�Mo or W; P� phosphine). Therefore, most
of the arguments against the participation of two (or more)
metal centres in the dinitrogen reduction process can be
dismissed on the basis of the chemistry established for
compounds possessing a compact and robust dinuclear sulfur


Scheme 10. ��MoCp.
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core such as {[Mo2Cp2(�-SMe)3]�}. In many respects, the
chemistry of the {[Mo2Cp2(�-SMe)3]�} complexes is closer to
that of mononuclear compounds, particularly of the ™Schrock-
type∫ {M(Cp*)(Men)} (M�Mo, W; n� 3, 4),[16, 43] than to that
of linear dinuclear species of the M(�-N2Hx)M type. Like
{M(Cp*)(Me3)},[16] {[Mo2Cp2(�-SMe)3]�} offers two adjacent
coordination sites and several orbitals for substrate-binding,
which allow �1/�2 rearrangements of N�N�R ligands. The
flexibility of the {[Mo2Cp2(�-SMe)3]�} core allows different
coordination geometries of the substrate. The crystal struc-
tures of the dicarbonyl,[56] of the �-�1-diazenido,[27] �-�2-
diazene,[27, 30] and �-amido[26] complexes demonstrate that only
minor variations of the {[Mo2Cp2(�-SMe)3]�} core dimensions
are sufficient to accommodate the different electronic proper-
ties and the different coordination modes of the substrates.


It is shown in Scheme 11 that several steps of the reduction
of N2 can take place at the conserved {[Mo2Cp2(�-SMe)3]�}
site. Thus, it is tempting to propose a mechanism, similar to
those presented in the Chatt and Schrock cycles, in which all
of the steps of the conversion of N2 to NH3 occur at this site.
However, coordination of N2 at the {[Mo2Cp2(�-SMe)3]�} site
has not been observed thus far. Nevertheless, several
[Mo2Cp2(�-SMe)3(Y	Z)2]� complexes are known [Y	Z�
CO, RCN (Me, Et, Ph), RNC (R� t�Bu, PhCH2)],[18d, 56, 57]


in which the �-accepting properties of the Y	Z ligand,
isoelectronic with N2, range from strong (Y	Z�CO[56]) to
moderate (Y	Z�MeCN[18d]). It is conceivable that an
isostructural bis-dinitrogen complex may be obtained. Alter-
natively, a dimolybdenum �-dinitrogen complex, in which the
N2 ligand would adopt the (�-�1:�2) binding mode recently
discovered by Fryzuk et al.[58] is a reasonable possibility since
in {[Mo2Cp2(�-SMe)3]�} complexes, the isoelectronic vinyl-
idene fragment is coordinated in a (�-�1:�2) fashion to the
metal centres.[59] Compared to the chemistry of mononuclear
complexes of the Chatt type, that of the dinuclear {[Mo2Cp2-
(�-SMe)3]�}, or more generally {M2(�-SR)n}, compounds is
still in its infancy, so that the synthesis of a derivative where N2


is bound to this type of site(s) may only be a matter of time.
Studies are continuing in our group to meet this objective.


Relevance to the reduction of dinitrogen at a dinuclear site in
nitrogenase : In the MoFe protein N2 most probably binds at a
metal ± sulfur site of the FeMo cofactor. The binding site may
be di- or polynuclear. In contrast, among the many M�S
complexes synthesised to model the functions of nitrogenase,
only very few are able to bind dinitrogen.[61] Although most
synthetic compounds[5, 55, 60] (and the isolated FeMoco[62])
cannot achieve this crucial step, studies using such deficient
models nevertheless ™can contribute meaningfully to our
understanding of bioinorganic systems∫.[63]


Only a few model studies related to biological N2 fixation
mention the involvement of a di- or polynuclear site at some
stage of a reduction process mediated by synthetic com-
plexes.[4, 5, 15, 20, 31] It has been proposed[5a,b] that the first steps
of the biological dinitrogen reduction (4H� � 4e reduction of
N2 to N2H4) could take place at an iron face of FeMoco. This
would be followed by a change of coordinated hydrazine to a
terminal binding mode or by migration of the hydrazine
molecule from the Fe site to the Mo site where the final
reduction steps could take place.[5a,b] While the migration is a
possibility, the present results suggest that, if the binding and
the first N2 reduction steps occur at a multimetallic iron site,
the entire reduction might proceed at such a site.


Another possibility, which involves the opening of FeMoco
on turning over, has been presented by Sellmann for the
reduction of N2 by nitrogenase.[4b±d] The chemistry of a range
of iron-thiolate compounds, including a dinuclear diazene
complex Fe(�-H�N�N�H)Fe, led Sellmann et al to propose a
hypothetical cycle for dinitrogen reduction. As mentioned
above (see Introduction), the fact that the metal centres are
bridged only by the substrate results in the cleavage of the
dinuclear compound at the hydrazine stage, so that only the
reduction of the (�-N2) and that of the (�-H�N�N�H) species
occur at a dinuclear centre.


Scheme 11. ��MoCp.
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We now propose a pathway
in which all of the steps of the
reduction of dinitrogen occur at
a dinuclear metal ± sulfur site
(Scheme 12). Durrant[23] re-
cently suggested that the reduc-
tion of N2 could take place at a
Mo(�-S)2Fe face of the cofac-
tor.


Step A1 in Scheme 12 could
result from the partial dissocia-
tion of the homocitrate ligand
at the Mo centre of FeMoco
allowing N2 binding,[6, 7, 23] or
from the binding of N2 at a
single Fe atom.[64] The first
reduction step (step B1) would
be analogous to the reactions
observed upon reduction of
[Mo2Cp2(�-SMe)3(MeCN)2]� ,
that is transformation of one
MeCN ligand from terminal to
a �-�1-bridging azavinylidene,
with elimination of the second
MeCN ligand.[65]


An alternative possibility for
steps A and B is that N2 binds to
both metal centres in the Fry-
zuk mode[58] (step A2). The (2e,
1H�) reduction of a complex in
which a vinylidene fragment is
bound to the {[Mo2Cp2(�-
SMe)3]�} core in the �-�1:�2-
mode produces a �-�1-carbyne
derivative.[66] A similar structur-
al change associated with the (2e, 1H�) reduction of the �-
�1:�2-N2 complex would afford the �-�1-diazenido derivative
(Scheme 12, step B2).


The other steps in Scheme 12 have chemical precedents at
the {[Mo2Cp2(�-SMe)3]�} site, although with substituted
analogues for steps C and D.[27, 30] Displacement of NH3 from
Mo by a CF3CO2


� ion (Scheme 3) could mimic the release of
ammonia from the molybdenum centre in FeMoco by
recoordination of the homocitrate ligand. This would restore
the initial situation (Scheme 12, step G).


The sequence of transformations of the dinitrogen ligand
shown in Scheme 12 are quite different from those proposed
in which N2 (or its reduced forms) is the only bridge between
the metal centres. The mechanism in Scheme 12 also differs
from that proposed by Durrant, which involves the rearrange-
ment of a Mo-bound linear hydrazido(2� ) ligand to a Mo/Fe
�-�2-bridging coordination.[23] On the basis of the results
presented here, it seems equally reasonable to suggest that a
�-�1-bridging hydrazido(2� ) may be involved as an inter-
mediate. The reduction could then proceed to bridging-imide
and -amide species (see Scheme 7). This would circumvent the
formation of the very stable[23] molybdenum± nitride bond.
This possibility strengthens the case for proposing that a
dinuclear site is used in the biological process.


Experimental Section


General : All of the experiments were carried out under an inert
atmosphere, with Schlenk techniques for the syntheses. Tetrahydrofuran
(THF) was purified as described previously.[29] The acids, p-toluenesulfonic
acid monohydrate (Aldrich) and trifluoroacetic acid (Aldrich), were used
as received. The preparation and the purification of the supporting
electrolyte [NBu4][PF6] and the electrochemical equipment were as
described previously.[29] All of the potentials (text, table, figures) are
quoted against the ferrocene-ferrocenium couple; ferrocene was added as
an internal standard at the end of the experiments. 1H NMR spectra were
recorded on a Bruker AC300 spectrometer. Gas chromatography was
performed on a DaNI Educational chromatograph, using a SPB5 SUPEL-
CO apolar column. UV/Vis spectra were recorded with a UV-2101PC
spectrometer. Analyses for methylammonium were done using the
procedure of Dubin[67] by measuring the optical density of the sample at
�� 357 nm. [Mo2Cp2(�-SMe)3(�-�1-NNHR)]� (R�Me, 1b ; R�Ph, 1a)
and [Mo2(cp)2(�-SMe)3(�-�2-HNNR)]� (R�Me, 2b and 3b ; R�Ph, 2a
and 3a) were obtained following reported procedures.[27, 30]


Controlled-potential reduction of [Mo2Cp2(�-SMe)3(�-�2-HNNPh)]� (3a)
in the presence of acid: aniline analysis : In a typical experiment, 3a
(0.0073 g, 1.11
 10�5 mol) was dissolved in THF/[NBu4][PF6]. After
addition of CF3CO2H (5 equiv), the solution was electrolyzed (Pt cathode)
at �1.8 V versus Fc�/Fc. After passage of 4.3 Fmol�1 3a, the current fell to
the background level. The catholyte was transferred in a Schlenk tube and
the solution volume adjusted to 10 mL. This solution was subjected to gas
chromatographic analysis for aniline. The amount of aniline present
(0.068 gL�1 i.e. 66% of the maximum amount on average of three
injections) was quantified using a calibration curve.


Scheme 12. Proposed cycle for the reduction of N2 at a dinuclear M�S site.
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Controlled-potential reduction of [Mo2Cp2(�-SMe)3(�-�1-NNHMe)]�


(1b) in the presence of acid: methylammonium analysis : In a typical
experiment, [Mo2Cp2(�-SMe)3(�-�1-NNHMe)]� 1b (0.0034 g, 5.7

10�6 mol) and a diluted THF solution (4.4 �L, 1.90
 10�5 mol, 3.3 equiv)
of CF3CO2H (4.3
 10�6 mol�L�1) in THF/[NBu4][BF4] (2.5 mL) were
electrolysed at �2 V versus Fc�/Fc (graphite cathode). The electrolysis was
stopped after the passage of 4.1 Fmol�1 1b. 0.15 mL of the catholyte was
used to quantify the amount of methylamine formed during the electrolysis
(2.5
 10�6 mol MeNH3


�, about 44% of the maximum amount possible),
according to the Dubin procedure.[67]
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Ab Initio Studies on the Mechanism of the Size-Dependent Hydrogen-Loss
Reaction in Mg�(H2O)n


Chi-Kit Siu and Zhi-Feng Liu*[a]


Abstract: The mechanism of size-de-
pendent intracluster hydrogen loss in
the cluster ions Mg�(H2O)n, which is
switched on around n� 6, and off
around n� 14, was studied by ab initio
calculations at the MP2/6-31G* and
MP2/6-31G** levels for n� 1 ± 6. The
reaction proceeds by Mg�-assisted
breaking of an H�O bond in one of the
H2O molecules. The reaction barrier is
dependent on both the cluster size and
the solvation structure. As n increases
from 1 to 6, there is a dramatic drop in
the reaction barrier, from greater than
70 kcalmol�1 for n� 1 to less than
10 kcalmol�1 for n� 6. In the transition
structures, the Mg atom is close to the
oxidation state of �2, and H2O mole-


cules in the first solvation shell are much
more effective in stabilizing the transi-
tion structures and lowering the reaction
barriers than H2Omolecules in the other
solvation shells. While the reaction bar-
rier for trimer core structures with only
three H2O molecules in the first shell is
greater than 24 kcalmol�1, even for Mg�


(H2O)6, it drops considerably for clus-
ters with four ± six H2O molecules in the
first shell. The more highly coordinated
complexes have comparable or slightly
higher energy than the trimer core


structures, and the presence of such high
coordination number complexes is the
underlying kinetic factor for the switch-
ing on of the hydrogen-loss reaction
around n� 6. For clusters with trimer
core structures, the hydrogen loss reac-
tion is much easier when it is preceded
by an isomerization step that increases
the coordination number around Mg�.
Delocalization of the electron on the
singly occupied molecular orbital
(SOMO) away from the Mg� ion is
observed for the hexamer core structure,
while at the same time this isomer is the
most reactive for the hydrogen-loss re-
action, with an energy barrier of only
2.7 kcalmol�1 at the MP2/6-31G** level.


Keywords: ab initio calculations ¥
cations ¥ cluster compounds ¥
hydrogen bonds


Introduction


The water-solvated Mg� ion forms an interesting system of
ionic clusters that has been studied in great detail.[1±9] Recent
experiments[9] showed that both Mg�(H2O)n and (MgOH)�


(H2O)n are involved in hydrolysis and charge-transfer proc-
esses in [Mg(H2O)n]2�, a subject of considerable interest to the
study of the solvation around doubly charged metal cations.[10]


The stability and reactivity of these clusters are also impor-
tant, because they are intermediate between the gas and
liquid phases.[10±14] As the size of the cluster ion grows, it
approaches the liquid state and provides invaluable insights
into solvation dynamics and reaction mechanisms in solution.
In the case of Mg�, a hydrogen-loss reaction [Eq. (1)] was
observed when the cluster size n reached around 6.[1, 2] The


reaction continued for increasing n up to around 14, when the
reaction was turned off. This is a classical example of a size-
dependent intracluster reaction, which has also been observed
for ionic clusters with other types of solvent molecules or
metal ions.[11±14]


Mg�(H2O)n� (MgOH)�(H2O)n�1�H (1)


The size-dependent hydrogen elimination reaction for Mg�


(H2O)n is special in that there is a simple and convincing
explanation for its switching on around n� 6, based on
thermodynamics.[1, 3] The (MgOH)� core of (MgOH)�(H2O)n
�1 is more polar than the Mg� core of Mg�(H2O)n. As the
cluster size grows, the additional water molecules stabilize the
(MgOH)� core more than the Mg� core. Although Mg�(H2


O)n is more stable than (MgOH)�(H2O)n�1 for small n, as n
increases, (MgOH)�(H2O)n�1 becomes more stable starting at
n� 6, as verified by ab initio calculations.[3] The dominance of
(MgOH)�(H2O)n�1 signals in experiments for n� 6 is due to
this shift of relative stability between Mg�(H2O)n and
(MgOH)�(H2O)n�1. The same explanation has been success-
fully extended to other ionic clusters, such as Ca�(H2O)n,[15]


Mg�(CH3OH)n and Ca�(CH3OH)n.[16]
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In contrast, the mechanism for the hydrogen loss reaction in
Mg�(H2O)n, and especially its dependence on size, have not
attracted much attention. This may be partly due to the
availability of a very successful explanation based on the
energetics, and partly due to the fact that locating transition
barriers for ionic clusters by ab initio calculations is nontrivial
as the number of solvent molecules increases. Experimentally,
the kinetic energy of an Mg� ion beam was adjusted before it
interacted with water vapor to form cluster ions. It was found
that increasing the kinetic energy of the Mg� beam only
increased the signals of small clusters, but had no effect on the
critical sizes for the hydrogen-loss reaction.[2] This observation
was taken as proof that the reaction mechanism was not very
important for the size-dependent effects.


However, a theoretical understanding of the mechanism of
hydrogen loss is highly desirable before the mechanism factor
can be safely ruled out. Although the critical sizes were not
affected by the kinetic energy ofMg�, this may simply indicate
that the kinetic energy of Mg� is much more effective in
promoting the evaporation of solvent molecules than promot-
ing hydrogen elimination. Moreover, the mechanism, as well
as its variation with increasing cluster size, should be a crucial
part in our understanding of any size-dependent reaction. In
the case of B�(H2O)n clusters,[17] an intracluster reaction to
form (HBOH)�(H2O)n�1 became spontaneous for n� 3. Our
study on Al�(H2O)n clusters[18] revealed that a similar reaction
proceeds to form (HAlOH)�(H2O)n�1 for n� 8 within an
elaborate network involving six water molecules in a ring
structure and plays a significant role in size-dependent H2


elimination. The reaction of Al�(H2O)n is especially interest-
ing in comparison to the Mg�(H2O)n clusters, as it also
exhibits on/off behavior that depends on cluster size, although
the reactive range is between n� 11 and 24,[19, 20] as opposed to
between n� 6 and 14 for Mg�(H2O)n.[1, 2] With one less
electron in the valence shell of Mg� than in that of Al�, would
there be a similar hydrogen transfer mechanism for Mg�(H2


O)n? The answer is interesting, since possible similarities
between Mg�(H2O)n and Al�(H2O)n clusters were tentatively
suggested before.[20] Finally, the switching on of hydrogen
elimination occurs at a size of n� 6, which is lower than in
many other systems, such as Al�(H2O)n,[19] or Na�(CH3OH)n
.[21] A detailed search of the transition structures can be made
by high-level ab initio calculations, and could potentially
provide a model system for understanding size-dependent
effects on reaction mechanisms. To the best of our knowledge,
such a study has not been reported so far.


Methods of Calculation


Here we present the results of ab initio studies on Mg�(H2O)n (n� 1 ± 6),
with an emphasis on the transition structures and energy barriers involved
in the hydrogen-loss reaction, and their variation with cluster size. All
calculations were performed with the Gaussian98 package.[22] Two basis
sets are used in most calculations (6-31G* and 6-31G**). The structures of
the singly charged Mg�(H2O)n clusters were first optimized by the
unrestricted self-consistent field (UHF) method. Transition structures for
the hydrogen-loss reaction were also first searched for at the UHF level.
These stable and transition structures were then refined by further
optimization at the second-order M˘ller ± Plesset (MP2) level, and verified
by the calculated vibrational frequencies. Natural population analyses[23]


were evaluated at the MP2 level, and the population numbers are listed in
the Supporting Information. For Mg�(H2O)n with n� 1 and 2, geometry
optimizations were also performed at the QCISD level to verify the results.


Results and Discussion


Mg�(H2O) and Mg�(H2O)2 : The stable structures of Mg�(H2


O) (1� 0) in C2v symmetry and Mg�(H2O)2 (2� 0) in C2


symmetry are shown in Figures 1 and 2. The geometrical
parameters are in good agreement with previous ab initio


Figure 1. Optimized structures for Mg�(H2O) and H ¥¥¥MgOH� and the
transition structure for Mg�-assisted H�O bond breaking, with bond
lengths [ä] and angles [�]. Values were obtained at the levels MP2/6-31G**
and UHF/6-31G** (parentheses). In the designation of a structure, the first
number indicates the number of water molecules in the first solvation shell,
and the second number that in the second shell. This scheme is followed for
all the figures.


calculations.[1, 3, 24±27] Optimizations at the MP2 level brought
little change to the structure parameters obtained at the UHF
level, a fact that was noted before and attributed to the
electrostatic nature of the Mg� ±H2O interaction,[3, 25] which
was little affected by electron correlation. Relative energy
and transition barriers for Mg�(H2O) and Mg�(H2O)2 are
tabulated in Table 1.


Dissociation of Mg�(H2O)n clusters with loss of water
molecules or a hydrogen atom on photo-induced electronic
excitation was studied in detail by Fuke et al.[4, 5] and Duncan
et al. [7, 8] The experimental observation was further expanded
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Figure 2. Optimized structures for Mg�(H2O)2 and H ¥¥¥MgOH�(H2O)
and the transition structure for Mg�-assisted H�O bond breaking, with
bond lengths [ä] and angles [�]. Values were obtained at the levels MP2/6-
31G** and UHF/6-31G** (parentheses). For the designation of the
structures, see legend to Figure 1.


by calculations on the electronic structures and energetics for
small Mg�(H2O)n clusters.[4, 6, 26] However, to the best of our
knowledge, there have been no reports on the mechanism of
Mg� insertion into anO�Hbond of H2O. Sakai[28] studied such
an insertion process for the neutral Mg atom, both in the
ground state 1S and the excited state 3P, with structures
optimized at the UHF/6-31G(d,p) level and energies calcu-
lated at the MP2 and MP4 levels. For the 1S state, it led to a
stable product H�Mg�OH. For the 3P excited state, the
electronic excitation weakened the H�Mg bond, the inter-
action between Mg and H became repulsive, and H was lost.


For the ionic Mg� ground state 2S, insertion into an H�O
bond produces H ¥¥¥Mg��OH with very weak H ¥¥¥Mg
interaction. As shown in Figure 1, the H ¥¥¥Mg distance is
2.264 ä at the MP2/6-31G** level, compared to a value of


1.706 ä in the neutral and stable ground state HMgOH.[28]


According to natural population numbers, the H atom in
H ¥¥¥Mg��OH is almost neutral and bears the unpaired
electron. It contributes little to stabilization of the ion, as
Mg is oxidized from the �1 to the �2 state. The charge
distribution in the transition structure leading to Mg�


insertion is similar to that in H ¥¥¥Mg��OH. The H atom
forms a triangle with O and Mg� in the transition structure
and has a slightly positive charge. At the UHF/6-31G** level,
the O1�H1 distance is 1.696 ä. However, at the MP2 level,
the distance is increased significantly to 2.497 ä. For further
verification, we optimized the transition state 1� 0-TS with a
large basis set (6-311��G**) and at better correlation levels
(MP4, and QCISD(T)), each starting with the UHF/6-31G**
transition structure. The O1�H1 distance was again found to
be more than 2.2 ä. Such a large distance indicates that the
O1�H1 bond is already broken in 1� 0-TS, and the assistance
of Mg� to O�H bond breaking is very small.


Thus, the H ¥¥¥Mg��OH ion is in sharp contrast to the
H�Al��OH ion, which was studied by Schwarz et al.[29] The
H�Al distance in H�Al��OH was only around 1.54 ä, and
homolysis of the H�Al bond would require more than
70 kcalmol�1. The difference is most likely due to the fact
that H�Al��OH is an ion with a closed shell, while there is an
unpaired electron in H ¥¥¥Mg��OH. As a result, the hydro-
gen-loss reaction in Mg�(H2O)n should be completely differ-
ent from the H2 loss reaction in Al�(H2O)n.


Our recent study found that Al�(H2O)n isomerized sponta-
neously into HAlOH�(H2O)n�1 for n� 8. HAlOH�(H2O)n�1


was also more stable than Al�(H2O)n for n� 2,[17] and the
isomerization barrier dropped significantly as the cluster size
increased.[18] In contrast, structure optimizations starting with
H�MgOH�(H2O)n�1 always led to a long H ¥¥¥Mg distance
(�2.2 ä).


Relative to Mg�(H2O), the calculated energy with zero-
point corrections is 63.7 kcalmol�1 for H ¥¥¥ (MgOH)� at the
MP2/6-31G* level (Table 1), which is slightly more stable than
the relative energy of 66.8 kcalmol�1 for the dissociated
(MgOH)��H, also at the MP2/6-31G* level, as previously
reported.[3] This is another indication that the H atom in
H ¥¥¥ (MgOH)� is almost free to leave. The reaction barrier for
the insertion is 71.9 kcalmol�1 at the MP2/6-31G** level,
accessible only by electronic excitation.


The optimized structures for Mg�(H2O)2 are shown in
Figure 2. As n increases from 1 to 2, there is a substantial
decrease both in the overall energetics and the reac-
tion barrier for the transformation from Mg�(H2O)2 to
H ¥¥¥ (MgOH)�(H2O). At the MP2/6-31G** level, the reaction
energy is now 46.9 kcalmol�1 and the barrier 49.0 kcalmol�1


Table 1. Relative energies and transition barriers for Mg�(H2O) and Mg�(H2O)2.


Relative energy [kcalmol�1] Energy barrier [kcalmol�1]
UHF MP2 QCISD UHF MP2 QCISD


6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G**


1� 0 0.0 0.0 0.0 0.0 0.0 0.0 77.5 79.8 68.5 71.9 67.6 72.1
1� 0-MgH 69.6 72.5 63.7 69.0 65.8 71.2
2� 0 0.0 0.0 0.0 0.0 0.0 0.0 54.1 56.1 45.5 49.0 44.7 49.1
2� 0-MgH 45.8 48.7 41.3 46.9 43.6 49.2
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(Table 1). The O1-H1 distance in 2� 0-TS is now 1.811 ä.
Compared to the value of 2.497 ä forMg�(H2O), it indicates a
larger role for Mg� in the O�H bond-breaking process. This
trend continues for larger n (see below).


Although electronic correlation effects are not important
for the ground-state energy and geometry of the Mg�(H2O)n
cluster ions,[3, 25] the transition structures and energy barriers
are changed significantly when correlation effects are includ-
ed, as shown in Figure 1 and Table 1. For n� 1 and 2,
additional calculations were performed at the QCISD/6-
31G** level, and the good agreement with the MP2 results
(Table 1) indicates that the correlation effect for these cluster
ions and their transition structures could be adequately
addressed at the MP2 level.


Structures of Mg�(H2O)n (n� 3 ± 6): For Mg�(H2O)n (n�
3 ± 6), the stable structures are shown in Figures 3, 4, 5, and
6, and transition structures in Figures 3, 4, 7, and 8; relative
energies and reaction barriers are listed in Table 2; for natural
population numbers, see Supporting Information. With in-
creasing number of water molecules in Mg�(H2O)n, there are
alternative ways to arrange these molecules in various
solvation shells. One way is to place all water molecules in
the first shell, as studied at the MP2/6-31G** level by
Castleman et al.[1] However, it is generally understood that
hydrogen bonding between water molecules could be com-
parable in strength to the direct bonding between Mg� and H2


O, since the unpaired electron on Mg� interacts repulsively
with water molecules when the first shell becomes too


Figure 4. Optimized structures for Mg�(H2O)4. 4� 0 is a tetramer core structure, 3� 1 a trimer core structure, and 2� 2 a dimer core structure. Optimized
transition structures for Mg�-assisted H�O bond breaking are named after their corresponding reactants. Bond lengths [ä] and angles [�] are shown. All
values were obtained at the MP2/6-31G** level. For the designation of the structures, see legend to Figure 1.


Figure 3. Optimized structures for Mg�(H2O)3, with bond lengths [ä] and
angles [�]. 3�0 is a trimer core structure, and 2�1 a dimer core structure.
Optimized transition structures for Mg�-assisted H�O bond breaking are
named after the corresponding reactants. All valueswere obtained at theMP2/
6-31G** level. For the designation of the structures, see legend to Figure 1.
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crowded.[24] In the case of Al�(H2O)n,[17] for which the
repulsive interaction is more prominent due to the lone pair
on Al�, the maximum number of water molecules in the first
shell was found to be three, which was termed the ™trimer core


structure∫,[17] while water molecules in the second and third
solvation shells would form hydrogen-bonded networks
together with the first-shell ligands. Tetramer core structures
were unstable.[17, 18, 24]


Trimer core structures were also found to be the most stable
structures for Mg�(H2O)n, and studied in great detail by Iwata
et al. for n� 3 ± 6.[3] However, in the case of n� 4, the most
stable trimer core structure is only slightly lower in energy
than the tetramer core structure (3� 1 and 4� 0 in Figure 4).
The energy gap is around 6 kcalmol�1 at the SCF/6-31G
level,[3] but decreases further to 4 kcalmol�1 when a larger
basis set is used (SCF/6-31G* optimized geometry and SCF/
TZ2P evaluated energy).[24] When correlation is taken into
account at the MP2 level in our calculation (Table 2), the
energy difference falls within the expected accuracy of these
calculations, and indicates that structures with higher coordi-
nation numbers in the first shell may be much more important
for Mg�(H2O)n than for Al�(H2O)n.


We hence further investigated the relative stability of these
structures for n� 5 (Figure 5) and 6 (Figure 6), for which
pentamer and hexamer cores are also possible. As shown in
Table 2, the energy difference between trimer and tetramer
core structures could switch from positive to negative values
depending on the level of theory, while its absolute value at
the MP2/6-31G** level is within 2 kcalmol�1 and within the
expected accuracy of our calculation. Each type of structure
could have further small variations in the hydrogen-bonded


Table 2. Relative energy and transition barriers for Mg�(H2O)n (n� 3 ± 6). For each
size n, the energy of a trimer core structure is used as the reference.


Relative energy [kcalmol�1] Energy barrier [kcalmol�1]
UHF MP2 UHF MP2


6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G** 6-31G* 6-31G**


3� 0 0.0 0.0 0.0 0.0 39.4 41.3 31.1 33.9
2� 1 4.7 4.8 4.5 4.3
4� 0 2.2 2.2 1.0 1.2 25.8 27.4 18.3 20.8
3� 1 0.0 0.0 0.0 0.0 37.2 39.1 28.5 31.5
2� 2 7.9 8.0 8.1 7.8
5� 0 4.2 4.4 1.2[b] 1.5 17.3 18.8 10.4 12.5
4� 1a 2.5 2.6 0.9 1.1 23.1 24.8 13.8 16.2
4� 1b 0.7 0.8 � 0.3 � 0.2 25.3 26.8 15.8 17.9
3� 2 0.0 0.0 0.0[b] 0.0 39.9[a] 41.7 [a] 31.4[a] 32.6
2� 3 9.9 9.9 11.5 10.9
6� 0 14.5 14.8 2.7 3.8 3.7 5.0 1.7 2.7
5� 1 2.4 2.7 � 2.1 � 1.6 15.4 16.9 7.1 9.0
4� 2a 0.1 0.1 � 2.0 � 1.8
4� 2b 1.3 1.4 � 0.5 � 0.4 20.2 21.7 10.1 12.4
4� 2c 1.2 1.1 � 0.1 0.1 20.8 22.7 10.0 12.3
3� 3 0.0 0.0 0.0 0.0 34.3 36.4 22.0 24.9


[a] Two imaginary frequencies. [b] One imaginary frequency.


Figure 5. Optimized structures for Mg�(H2O)5. 5� 0 is a pentamer core structure, 4� 1a and 4� 1b tetramer core structures, 3� 2 a trimer core structure,
and 2� 3 a dimer core structure. The bond lengths [ä] and angles [�] were all obtained at the MP2/6-31G** level. For the designation of the structures, see
legend to Figure 1.
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network, which produce a number of isomers (e.g., 4� 1a and
4� 1b in Figure 5; 4� 2a, 4� 2b, and 4� 2c in Figure 6), that
lie close to each other in energy.


At the UHF level, pentamer core and hexamer core
structures are clearly higher in energy than their trimer and
tetramer core isomers. However, the inclusion of correlation
effects by the MP2 method reduces the energy difference to
around 5 kcalmol�1. As the number of first-shell water
molecules increases from 3 to 5, the positive charge on Mg�


decreases, according to natural population analysis, which


indicates greater charge donation from O to Mg� by covalent
bonding. Correlation effects thus become more important as
the coordination number around Mg� increases. Previous
studies on neutral Na(H2O)n clusters, which are isoelectronic
with Mg�(H2O)n, investigated the energy difference between
™surface∫ and ™interior∫ complexes,[30, 31] where the surface
complex roughly correspond to smaller core clusters, and the
interior complex to larger core clusters. At the correlated
level of theory with large basis sets, the total energies for these
structures are very close to each other.[32] Similarly, complexes


Figure 6. Optimized structures for Mg�(H2O)6. 6� 0 is a hexamer core structure, 5� 1 a pentamer core structure, 4� 2a, 4� 2b, and 4� 2c tetramer
structures, and 3� 3 a trimer core structure. The bond lengths [ä] and angles [�] were all optimized at the MP2/6-31G** level. For the designation of the
structures, see legend to Figure 1.
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with high coordination numbers in the first shell (up to 5)
were also found for Li(H2O)n.[33] In this respect, the Mg�(H2


O)n cluster ions are similar to Na(H2O)n and Li(H2O)n, rather
than Al�(H2O)n. The repulsive effect of an unpaired electron
on Na or Mg� is much less than that of the electron lone pair
on Al�.


We also considered several other factors that could effect
the relative energies among these isomers with varying core
sizes. The thermal and entropic factors are included in the
relative enthalpy and free energy, as listed in Table 3, and the
correction has little effect on the relative stability. However,
the basis set superposition error (BSSE), as estimated at the
MP2/6-31G** level by the counterpoise correction method,
and also listed in Table 3, is more significant. The magnitude
of correction is larger for isomers with a larger core, and this
can be attributed to the more compact geometric configu-
rations for these isomers. Interestingly, with BSSE correction
included, there is an identifiable trend of relative stability for
Mg�(H2O)n (n� 5, 6), for which the trimer core structure is
most stable and the energy increases with increasing core size.
The energy difference is within 4 kcalmol�1, except for the
hexamer core structure of Mg�(H2O)6, for which the energy
relative to the trimer core isomer is a more substantial
11.9 kcalmol�1.


These results lead us to the conclusion that experimentally
studied Mg�(H2O)n cluster ions are a mixture in which the
number of water molecules in the first solvation shell varies


from three to five, as was also suggested in a recent theoretical
study on the photodissociation excitation spectra of Mg�(H2


O)n.[6] These complexes with high coordination number (�3)
turn out to be very important in the mechanism of the
hydrogen-loss reaction.


Figure 7. Transition structures for Mg�-assisted H�O bond breaking in Mg�(H2O)5, named after their corresponding reactants in Figure 5. The bond
lengths [ä] and angles [�] were all optimized at the MP2/6-31G** level.


Table 3. Relative energies, corrected for BSSE, thermal, and entropic factors at
the MP2/6-31G** level. For each size n, the energy of a trimer core structure is
used as the reference.


�E
[kcalmol�1]


�EBSSE


[kcalmol�1]
�H298 K


[kcalmol�1]
�S298 K


[calmol�1K�1]
�G298 K


[kcalmol�1]


3� 0 0.0 0.0 0.0 0.0 0.0
2� 1 4.3 2.2 3.8 � 3.0 4.7
4� 0 1.2 3.4 1.5 1.1 1.2
3� 1 0.0 0.0 0.0 0.0 0.0
2� 2 7.8 4.6 7.6 0.8 7.3
5� 0 1.5 6.4 2.2 2.2 1.5
4� 1a 1.1 4.5 0.9 � 3.5 2.0
4� 1b � 0.2 1.8 0.0 0.5 � 0.2
3� 2 0.0 0.0 0.0 0.0 0.0
2� 3 10.9 9.6 10.7 0.2 10.7
6� 0 3.8 11.9 4.9 3.7 3.8
5� 1 � 1.6 3.4 � 1.1 0.3 � 1.2
4� 2a � 1.8 0.7 � 1.5 0.1 � 1.5
4� 2b � 0.4 0.8 0.4 6.4 � 1.5
4� 2c 0.1 1.8 0.6 3.6 � 0.5
3� 3 0.0 0.0 0.0 0.0 0.0
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Mechanism of hydrogen loss for Mg�(H2O)n (n� 3 ± 6): For
Mg�(H2O)n (n� 3 ± 6) we again studied the hydrogen-loss
reaction involving Mg�-assisted O�H bond breaking, similar
to that for Mg�(H2O) and Mg�(H2O)2.


Transition structures are shown in Figure 3 for n� 3,
Figure 4 for n� 4, Figure 7 for n� 5, and Figure 8 for n� 6.
The reaction barriers are listed in Table 2. Although the
barrier for hydrogen loss is fairly high for Mg�(H2O)n, (n� 1,
2), it gradually decreases as the size of the cluster ion
increases, from more than 30 kcalmol�1 for n� 3, to about
20 kcalmol�1 for n� 4, about 10 kcalmol�1 for n� 5, and less
than 10 kcalmol�1 for n� 6. Thus, the barrier is size-depend-
ent and should be a contributing factor in the observed
switching on of the hydrogen-loss reaction around n� 6. The
length of the broken O�H bond is decreased to around 1.5 ä
or less for all transition structures, and there seems to be a
correlation between a lower value of this distance and a lower
value of the reaction barrier.


The decrease in reaction barriers could be explained by the
same reason underlying the switch in the relative stability
between Mg�(H2O)n and (MgOH)�(H2O)n�1 with increasing
n.[3] According to the natural population analysis, the charge
on the departing hydrogen atom is slightly negative (around
�0.1) in the transition structures, while the charge on Mg of
around �1.7 indicates that the Mg atom is fairly close to its
final �2 oxidation state and becomes more polar during the
reaction. As the number of water molecules increases, the
Mg2� ion becomes increasingly stabilized, and as a result,
there is a dramatic decrease in the reaction barrier for
hydrogen loss.


For the same reason, the barrier height is also affected by
the solvation structure. For each cluster size n (n� 3 ± 6), we
located several transition structures with varying coordination
number around Mg. For Mg�(H2O)n with a trimer core, the
reaction barrier changes only slightly and stays fairly high at
around 30 kcalmol�1 as n increases from 3 to 5. A more
noticeable drop occurs at n� 6, but the value is still
24.9 kcalmol�1 at the MP2/6-31G** level. In contrast, for a
fixed cluster size, the reaction barrier drops by more than
10 kcalmol�1 on going from the trimer core to the tetramer,
and the decrease is more prominent for larger n (e.g., n� 6,
Table 2). In addition, the barrier decreases further on going
from tetramer to pentamer and then hexamer structures.
These trends are due to the fact that the water molecules in
the first shell interact directly with the Mg2� ion and are thus
much more effective in stabilizing the oxidized Mg2� ion than
water molecules in the second or higher solvation shells. It
also explains the fact that we were unable to locate hydrogen-
loss transition structures for any of the dimer core isomers of
Mg�(H2O)n with n� 3.


Due to their stability relative to other isomers, trimer core
structures will be a significant component in the experimental
beam of Mg�(H2O)n. To maintain only three H2O molecules
in the first solvation shell, additional water molecules would
have to enter the second or higher solvation shells and remain
remote from direct interaction with the Mg ion, even when a
trimer core cluster grows in size. These water molecules will
not be very effective in stabilizing the polar Mg2� ion. The
hydrogen loss reaction barrier found for 3� 3-TS of


24.9 kcalmol�1 could thus be taken as an approximate lower
limit for Mg�(H2O)n clusters of any size with trimer core
structures. As a result, the reaction rate for trimer core Mg�


(H2O)n clusters will be low. In contrast, the tetramer,
pentamer, and hexamer core structures are much more
favorable for the hydrogen-loss reaction, as shown in Table 2,
and the presence of these isomers is the kinetic factor
underlying the experimentally observed switching on of the
hydrogen-loss reaction around n� 6.[1, 2] The same kinetic
factor should also be important for the observation of
hydrogen-loss reactions in Ca�(H2O)n[2, 15] and Mg�(CH3


OH)n clusters.[16]


It is also conceivable that clusters with a trimer core first go
through an isomerization process to increase the number of
water molecules in the first shell, and then the hydrogen-loss
reaction takes place. Since the potential surfaces for Mg�(H2


O)n exhibit many minima, the isomerization barriers are
expected to be low, and the number of isomerization paths
should increase with growing cluster size. For Mg�(H2O)5 and
Mg�(H2O)6, we identified several barriers, as listed in Table 4.


Their values, which range from 3 to 6 kcalmol�1, are
significantly lower than the hydrogen-loss barriers listed in
Table 2.


Hexamer core structure of Mg�(H2O)6 and switching off of
the hydrogen-loss reaction for larger clusters: Although the
hexamer core structure of Mg�(H2O)6 (6� 0) is noticeably
less stable than the other isomers, it nonetheless deserves
special attention because its charge distribution is qualita-
tively different from those of the others. For Mg�(H2O)6, the
positive charge on the Mg� ion decreases from 0.95 for the
trimer core structure 3� 3 to 0.94 for the tetramer core
structures 4� 2a, 4� 2b, 4� 2c, and to 0.92 for the pentamer
core 5� 1. A similar trend is observed for Mg�(H2O)4 and
Mg�(H2O)5. It indicates more charge donation from the
oxygen atoms to Mg� as more water ligands are included in
the first solvation shell, while the singly occupied orbital is
basically localized on Mg�.


However, the charge on Mg for the hexamer core structure
6� 0 suddenly jumps to �1.16 at the MP2/6-31G** level,
which indicates a reversal in charge transfer, whereby
negative charge goes from Mg� to the surrounding H2O
ligands. The situation is quite similar to the neutral Na(NH3)n
clusters studied in detail by Hashimoto and Morokuma.[34]


Charge transfer from NH3 to Na was observed up to n� 4, but
for n� 5, the transfer was reversed and went from Na to NH3.


Table 4. Isomerization energies for increasing the core size by one water
molecule. Values in parentheses include BSSE correction.


Relative energy [kcalmol�1] Energy barrier [kcalmol�1]
UHF/6-31G** MP2/6-31G** UHF/6-31G** MP2/6-31G**


4� 1b 0.8 � 0.2 (1.8) 5.8 4.7 (6.2)
3� 2 0.0 0.0 (0.0) 5.0 5.3 (6.2)
4� 2c 1.1 0.1 (1.8) 4.1 3.2 (5.1)
3� 3 0.0 0.0 (0.0) 4.4 2.5 (3.4)
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The SOMO became diffusive and was distributed among the
Na and N atoms. As a result, inclusion of diffusive basis
functions increased the flow of charge from the Na atom. For
6� 0, we performed further calculations with additional
diffusive basis functions in the basis sets 6-31��G** and
6-311��G**, and the positive charge on theMg atom indeed
increased further to greater than 1.4.


Sodium/ammonia solution is a well-known system in which
the sodium atoms are ionized and the valence electrons are
solvated by ammonia molecules.[35, 36] The existence of such
solvated ion pairs has also been suggested and explored for
the clusters M(H2O)n (M�Li, Na) in the form of M�(H2O)m
(H2O)l(H2O)n�m�l


�.[37] The diffusive SOMO in 6� 0, in
analogy to Na(NH3)n, seems to indicate the existence of such
ion pairs for large Mg�(H2O)n clusters as well. In fact such ion
pairs have been invoked before as a possible reason for the
switching off of the hydrogen-loss reaction in Mg�(H2O)n for
n� 14.[2]


However, this explanation is problematic from a mecha-
nistic point of view. Although 6� 0 is a local minimum with
all-real vibrational frequencies, it nonetheless has a very low
barrier for the hydrogen-loss reaction (2.7 kcalmol�1 at the
MP2/6-31G** level). The mechanism is also somewhat differ-
ent from the other types of core structures in which the Mg�


ion assists in H�O bond breaking. For 6� 0, hydrogen is lost
by a simple stretching of the H�O bond, and the H atom is
shielded from theMg atom, as in 6� 0-TS (Figure 8). From an


energetic perspective, hexamer core structures may well exist
for the larger Mg�(H2O)n clusters, but judging from the
reaction barrier, they would facilitate hydrogen loss, rather
than turning the reaction off.


The switching-off mechanism should be influenced by both
the possible presence of solvated-electron ion pairs and the
barrier height for the hydrogen loss reaction in these ion pairs.
Both factors are probably also size-dependent. A clarification
of their interplay would have to wait for more detailed
simulations on the Mg�(H2O)n clusters of larger sizes (n� 6).


Conclusion


In summary, we have studied the mechanism for the intra-
cluster hydrogen-loss reaction in Mg�(H2O)n involving Mg�-
assisted H�O bond breaking in one of the H2O molecules.
Based on the transition structures located by ab initio
calculations, the reaction barrier is size-dependent and
decreases significantly from above 70 kcalmol�1 to around
10 kcalmol�1 or less as n increases from 1 to 6.


Among the isomers of the Mg�(H2O)n clusters, structures
with high coordination numbers (�3) in the first solvation
shell around Mg� are comparable or only slightly higher in
energy than the trimer core structures, especially when
correlation effects are included in the ab initio calculations.
This conclusion remains valid after BSSE and thermal and


Figure 8. Transition structures for Mg�-assisted H�O bond breaking in Mg�(H2O)6, named after their corresponding reactants in Figure 7. The bond
lengths [ä] and angles [�] were all optimized at the MP2/6-31G** level.
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entropic factors are taken into consideration. As water
molecules in direct interaction with the Mg ion are more
effective in stabilizing the oxidized Mg ion during the
hydrogen-loss reaction, the reaction barrier for tetramer,
pentamer, and hexamer core structures is significantly lower
than that for the trimer core structure. Kinetically, the
experimentally observed switch-on of the hydrogen-loss
reaction around n� 6 is due to the presence of such clusters
with high coordination numbers (�3). For the trimer core
structures, it is more favorable for the hydrogen-loss reaction
to go through two steps, first an isomerization step to increase
the coordination number of Mg�, and then Mg�-assisted H�O
bond breaking.


The hexamer core structure 6� 0 is unique among the Mg�


(H2O)6 isomers studied in that its SOMO is diffusive, and
charge flows from Mg� to the surrounding water molecules.
On the other hand, the barrier of hydrogen loss for 6� 0 is
very low (2.7 kcalmol�1), and H�O bonds could break
without assistance from Mg�. Whether the presence of such
structures contributes to the switching off of the hydrogen-
loss reaction for n� 14, as suggested in previous studies,
remains unresolved, and an answer has to wait for more
detailed simulations on larger clusters.
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The Cyano Nitronyl Nitroxide Radical: Experimental and Theoretical
Evidence for the Fourth Case of the McConnell-I Mechanism


Catherine Hirel,[a] Dominique Luneau,*[a] Jacques Pe¬caut,[a] Lars ÷hrstrˆm,*[b]


Guillaume Bussie¡re,[c] and Christian Reber*[c]


Abstract: The nitronyl nitroxide 2-cya-
no-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide (1) crystallises in the tet-
ragonal P4≈21m space group with a�
7.4050(7), c� 8.649(1) ä. In the crystal
the molecules form layers parallel to the
ab plane in which they are orthogonal to
each other. In the layers there are close
contacts, 2.953(2) ä, between the NO
groups and the bridging carbon atoms of
the O-N-C-N-O fragment of neighbour-
ing radicals. The calculated spin density
shows a positive population mainly and


equally localised on the NO groups and
small but significant negative spin den-
sities on the bridging carbon atom and
the cyano nitrogen. Absorption spectra
show temperature-dependent transi-
tions related to the magnetic behaviour.
The temperature dependence of the


magnetic susceptibility in the range 2 ±
300 K reveals that couplings between
the radicals are antiferromagnetic, and is
interpreted by considering a two-dimen-
sional square array of spin S� 1/2 anti-
ferromagnetically coupled (J�
�10 cm�1 and g� 2.01). This is inter-
preted as an exchange coupling through
close contact between positive and neg-
ative spin densities in orthogonal orbi-
tals on oxygen and carbon atoms, re-
spectively.


Keywords: crystal engineering ¥
exchange coupling ¥ magnetic
properties ¥ spin density ¥
supramolecular chemistry


Introduction


Magnetic materials can make for fascinating toys for children
and grown-ups, useful devices in high-tech products and
intriguing objects for scientific scrutiny.[1] One important goal
for this research is magnetically ordered molecular based
materials and a key aspect is to understand why intermolec-
ular interactions between open-shell molecules (radicals or
paramagnetic metal complexes) are sometimes ferromagnetic
and sometimes antiferromagnetic.


McConnell[2] proposed rules based on the unpaired electron
densities (spin densities) that allow prediction of the type of
magnetic order expected for a given material.[3] Four cases
(I ± IV) can be distinguished and are schematically outlined in


Figure 1. Experimental examples for the first three cases I ±
III have been found. In this report we present the first
evidence for the fourth case.


Case I is the most common. Normally, open-shell molecules
interact to give antiferromagnetic coupling and no sponta-
neous magnetisation.


Case II corresponds to ferromagnetic interactions which
are found when the magnetic orbitals (or SOMOs, singly
occupied orbitals) are orthogonal, either by design or by
accident.


Case III was the main issue of McConnell×s letter to the
Journal of Chemical Physics. He pointed out that ferromag-
netic coupling should be the result when: ™atoms of positive
spin density are exchange coupled most strongly to atoms of
negative spin density in neighboring molecules∫.[2] No such
systems existed at that time, but the mechanism has since been
experimentally confirmed several times.[3]


Case IV was considered byMcConnell as ™unlikely∫, he just
noted that then the sign of the magnetic coupling should be
reversed (antiferromagnetic). To our knowledge no examples
of this fourth possibility have been found to date.


An additional possibility is the charge-transfer (or config-
uration interaction) mechanism also proposed by McCon-
nell.[4] This is rare, but has occasionally been used to explain
the magnetic behaviour in charge transfer salts, for example.[5]


Herein we present the peculiar case of the cyano nitronyl
nitroxide radical in which the closest spin ± spin contact
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Figure 1. Schematic view of the magnetic couplings according to the
McConnell spin density mechanism. Arrows indicate the total spin of each
molecular subunit symbolized by a square. Dark and grey ™orbitals∫ denote
the positive and negative spin densities, respectively, and smaller ™orbitals∫
illustrate the spin polarization.


between molecules is of the positive ± negative type but the
exchange coupling is antiferromagnetic, thus a case IV
mechanism.


Results and Discussion


X-ray structure : The molecular structure of the cyano nitronyl
nitroxide radical (1) is shown in Figure 2. The radical 1
crystallises in the tetragonal P4≈21m space group and all atoms
except the methyl groups (C4) are located in the mirror plane
with the cyano group along the two-fold axis. This puts the
five-membered ring and the NO groups in the same plane, an
unusual arrangement for this type of molecule.[6]


In the crystal, due to space group symmetries, molecules
have their mean plane perpendicular to the ab plane (Fig-
ure 3b), and make layers parallel to this plane (Figure 3a). In
a layer, the radicals are also arranged strictly perpendicular in
such a way that they form a two-dimensional (2D) square
network (Figure 3b). The oxygen atom O1 of the two NO
groups is close to the central carbon C2 (O1�C2 2.953(2) ä)
of the neighbouring radicals (Figure 3). The intermolecular
distances O1 ¥¥¥ N1, O1 ¥¥ ¥O1 and N1 ¥¥ ¥ N1 between the NO
groups are 3.251(2), 3.750(2) and 4.453(2) ä respectively. The
shortest intermolecular distances between the layers (Fig-
ure 3a) are observed between the cyano nitrogen atoms N1 in


Figure 2. View of the radical 1 with thermal ellipsoid plot at 30%
probability level. The hydrogen atoms are omitted for clarity.


Figure 3. Projection of the crystal structure onto the bc (a) and ab planes
(b).


one layer and the methyl groups of the nitronyl nitroxide
radicals in an adjacent layer (N1 ¥¥¥ C4 3.490(3)). Selected
distances and angles can be found in Table 1.


Magnetism: The temperature dependence of the magnetic
susceptibility �, and its product with the temperature �� are
shown in Figure 4. �T is 0.34 cm3 Kmol�1 at room temper-
ature, and decreases continuously when cooling and tends to a
value close to zero at 2 K, while � increases to a maximum at
30 K then decreases at lower temperatures. This indicates
dominant antiferromagnetic interactions. We simulated the


Table 1. Selected intra- and intermolecular interatomic distances [ä] and
angles [�].[a]


O1�N1 1.259(3) N1�C2 1.330(2)
N1�C3 1.514(3) N2�C1 1.119(4)
C1�C2 1.416(4) C3�C4 1.514(2)
C3 ¥¥¥ C3#1 1.555(5) O1 ¥¥¥ C2#3 2.952(2)
O1 ¥¥¥ N1#3 3.251(2) O1 ¥¥¥O1#3 3.750(2)
N1 ¥¥¥ N1#3 4.453(2)
O1-N1-C2 125.7(2) O1-N1-C3 122.6(2)
C2-N1-C3 111.7(2) N1-C2-N1#1 111.8(3)
N1-C2-C1 124.1(1) C4#2-C3-C4 109.4(3)
C4-C3-N1 106.9(2) C4-C3-C3#1 115.2(1)
N1-C3-C3#1 102.4(1)


[a] Symmetry transformations: #1:�x� 1,�y� 2, z ; #2: y� 1/2, x� 1/2, z ;
#3: y� 1, �x� 1, �z� 2.
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experimental data by using a literature model for a 2D square-
planar lattice of antiferromagnetically coupled spins S� 1/2.[7]


The best fit gave J��10 cm�1 and g� 2.01.
As mentioned before, the closest spin ± spin interaction is


between the central carbon atom C2 and the oxygen atom in a
neighbouring molecule (O1�C2 2.953(2) ä). Both simple
molecular orbital considerations and experimental observa-
tions indicate that the spin density on C2 is negative and
approximately 5 ± 15% of the positive spin on O1.[8] Further-
more, the consequence of the crystallographic symmetry is to
make the pz orbitals (taking the xy plane as the molecular
plane) on C2 and O1 orthogonal in the quantum-chemical
sense (overlap� 0). In terms of Figure 1, the radical 1 is
clearly a case IV, and the antiferromagnetism thus readily
explained.


However, it has been put forward that it may be misleading
to take into account only the shortest spin ± spin interaction.[9]


It may thus be argued that the larger spin densities on
neighbouring O and N atoms may make up for the longer
distance (O1�N1 3.251(2)) and play a role in determining the
overall magnetic interaction.


To prove the ™case IV∫ mechanism we would have to grow
crystals of a different phase with the radicals 1 slightly tilted,
in order to break the orthogonality, but retaining the C2�O1
interaction as the closest spin ± spin contact. The system
should then revert to a ™case III∫ ferromagnetic coupling
similar to that found in, for example, 5-pyrimidinyl-nitronyl
nitroxide.[10]


Density functional theory calculations : An experiment such
as that mentioned above could only be carried out with the
help of a good portion of luck and a lot of patience. However,
a second best possibility was available, density functional
theory calculations. We chose a three-radical system (see
Figure 5) where we first calculated the magnetic coupling for a
system with the X-ray geometry to J��25 cm�1, a reasonable
agreement with the experimental value (�10 cm�1) consider-
ing the differences between the model system and the real
system. The two peripheral radicals were then rotated 10�


around the C2 axis and a new J
value calculated. This time,
when the orthogonality be-
tween the pz orbitals on C2
and O1 had been broken, a
change of sign occurred. The
new J value was calculated to
be �3 cm�1, thus a ferromag-
netic coupling. This is just as
predicted if the C2 ±O1 inter-
action is the dominant factor.
Indeed, there seems to be no
other way to account for the
calculated ferromagnetism in
the tilted model system.


Moreover, a spin density plot
(Figure 6) shows normal behav-
iour of the spin densities, and
population analysis gives the
spin populations at N1, O2 and


C1 as �0.23, �0.32 and �0.09, respectively. The cyano unit
has the spin populations C2��0.01 and N2��0.03.


Figure 5. The three-radical system used as a model for calculating the
magnetic coupling. a) the X-ray geometry and b) a model with the terminal
radicals rotated 10� around the N2-C1-C2 axis. Hydrogen atoms omitted
for clarity. Distances between O1 ±C2 and O1 ±N1 are indicated.


Figure 6. Calculated spin density (X-ray geometry). black: positive, white:
negative, boundaries �0.002 e�.


Figure 4. Temperature dependence of the magnetic susceptibility � and its product with temperature, �T. The
solid lines represent the best-fit curves. .
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Absorption spectra : Following the discovery of the unique
magnetic properties of the title compound, we measured low-
temperature single-crystal absorption spectra, a technique
that has been shown to lead to complementary insight on
magnetic properties.[11] Single-crystal absorption spectra are
shown in Figure 7. The overall spectra between 13000 cm�1


Figure 7. Low-temperature absorption spectra of crystalline 1. a) Overall
Vis spectra. b) Detailed view of the lowest energy electronic transition. The
arrows denote bands whose intensity varies with the magnetic order, as
illustrated in Figure 8.


and 20000 cm�1 (750 ± 500 nm) in Figure 7a show the two
lowest energy electronic band systems, which both have rich
vibronic structure, and are similar to other nitronyl nitroxides
and their metal complexes.[12] The structure of the spectra is
well resolved. We will focus on the series of transitions of
which one representative is denoted by the vertical arrow in
Figure 7a. In contrast to all reported spectra of nitronyl
nitroxides, the lowest energy band system, to which all
transitions below 15000 cm�1


belong, contains a number of
sharp transitions with widths of
approximately 6 cm�1, indicat-
ed by the vertical arrows in
Figure 7b. These transitions
show a striking temperature
dependence: their intensity de-
creases very rapidly between 5
and 20 K, distinctly different
from the other bands, which
correspond to intramolecular
vibronic bands.


Both the narrow width and
the temperature dependence
indicate that these bands are
most likely cooperative transi-


tions occurring only in the antiferromagnetically ordered
phase and therefore give us a complementary experimental
approach to monitor the magnetic behaviour.


The temperature dependence between 2 and 20 K is given
for the transition denoted by the solid arrow in the inset to
Figure 8. It is identical to the temperature dependence for all
transitions marked by arrows in Figure 7. Figure 8 compares
the temperature dependence of the integrated absorptivity
with the change of the magnetic susceptibilty �. It is evident
that the magnetic behaviour is mirrored by the absorption
intensity, underlining the nature of these transitions as
cooperative bands specific to the magnetically ordered phase.
However, we do not attempt to quantitatively determine the
exchange parameter from the absorption intensities since we
ignore the underlying mechanisms and the splitting pattern of
the bands denoted by arrows in Figure 7 is too complex to be
analyzed by literature models.[11]


Absorption transitions mirroring the magnetic order in
two-dimensional antiferromagnets have been reported for
transition metal halides such as NiCl2 and NiBr2,[13] but this is
to our knowledge the first report of such bands for an organic
solid. The number of observed bands associated with the
magnetically ordered phase is much higher than for the
transition metal systems. Such bands have not been observed
for any other nitronyl nitroxide system that we have studied
by single-crystal spectroscopy, underlining the unique char-
acter of the magnetically ordered phase of the title compound.


Conclusion


Structural, magnetic, spectroscopic and quantum-chemical
evidence suggests that the cyano nitronyl nitroxide radical is
an example of magnetic coupling through polarized spin
densities not encountered before: antiferromagnetic coupling
by close contact between positive and negative spin densities
in orthogonal orbitals.


Experimental Section
Syntheses: All reagents were purchased from commercial sources and used
without further purification. 2,3-bis(hydroxylamino)-2,3-dimethylbutane,
and 2-bromo-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, were pre-
pared according to literature methods.[14]


Figure 8. Temperature dependence of the intensity of the absorption band denoted by the solid arrow in Figure 7
and in the inset (circles) compared to the magnetic susceptibility (squares). The inset shows the detailed
temperature dependence of the absorption band denoted by the solid arrow in Figure 7.
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2-Cyano-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (1): This com-
pound was synthesised by a slight modification of a literature method.[15]


Freshly synthesised 2-bromo-4,4,5,5-tetramethylimidazoline-1-oxyl-3-ox-
ide (1 g) was crushed with dry NaCN (2.2 g). The mixture was suspended
in dry DMF (4 mL) and heated at 50 �C. After 30 min the reaction was
stopped. Then water (10 mL) and dichloromethane (25 mL) were succes-
sively added. The radical was extracted from the reaction mixture with
dichloromethane (5� 20 mL) and was purified by silica gel column
chromatography with a mixture of dichloromethane and n-pentane (70/
30) to give 1 (300 mg; 38% yield). M.p. 149 �C; elemental analysis calcd for
C8H12N3O2: C 52.74, H 6.64, N 23.06, O 17.56; found: C 52.56, H 6.62, N
22.97, O 17.64.


X-ray crystallography : Data were collected at room temperature (300 K)
with a Bruker SMART CCD diffractometer equipped with a normal focus
molybdenum-target X-ray tube. The data were processed through the
SAINT data reduction and absorption correction software.[16] The structure
was solved and refined on F2 using the SHELXTL software.[17] All non-
hydrogen atoms were refined with anisotropic thermal parameters. The
hydrogen atoms were included in the final refinement model in calculated
position with isotropic thermal parameters


Crystallographic data for 1: Crystal dimensions: 0.2� 0.2� 0.2 (mm), ��
0.71060 ä; Mr� 182.21, tetragonal, space group P4≈21m (no. 113), a�
7.4050(7), c� 8.649(1) ä, V� 474.27(9) ä3, Z� 2, �calcd� 1.276 gcm�3,
F(000)� 194, 52 parameters; R(F)� 0.0490 (wR(F 2)� 0.1500, GOF�
1.155) for all 645 data (I� 2�(I)); min./max. residual electron density:
�0.174/0.190 eä�3, �� 0.724 cm�1; 1878 reflections collected, 2�max� 59�.
CCDC-175914 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; e-mail : deposit@ccdc.cam.ac.uk).


Computational details : All calculations were made with DGauss[18] by
employing the exchange and correlation functionals of Becke[19] and
Perdew,[20] respectively (BP86), and a DZVP basis set.[21] Calculation of the
magnetic couplings were performed by using the broken symmetry
formalism on a linear three-radical model with all methyl groups replaced
by hydrogen atoms using 1) the X-ray geometry and 2) a model with the
terminal radicals rotated 10� around the N2-C1-C2 axis in order to break
the orthogonality. The resulting energy differences have to be corrected
since the ��� states are not exact spin states, they are referred to as broken
symmetry states. Thus while the energy difference between the true doublet
and the quartet can be calculated to 3J,[3] the corresponding energy
difference between the ��� and ��� states can be calculated to 2J.[22] The
spin density of a single radical 1was calculated by using the complete X-ray
geometry.


Magnetic susceptibility measurements : The magnetic susceptibilities were
measured on the bulk materials in the 2 ± 300 K temperature range with a
Quantum Design MPMS superconducting SQUID magnetometer operat-
ing at a field strength of 0.5 T. The data were corrected for diamagnetism of
the constituent atoms using Pascal constants.


Absorption spectroscopy: Absorption spectra were measured on a Varian
Cary5E spectrometer using the photomultiplier tube detector for the
visible range. The sample crystals was cooled in a He gas flow cryostat
(Oxford Instruments CF1204) and the temperature was monitored with a
RhFe resistor connected to an electronic controller (Oxford Instruments
ITC4) to stabilise the temperature by adjusting both a heater for the He gas
cooling the sample and the gas flow valve from the He storage dewar to the
cryostat. This system allows us to stabilise the temperature to the precision
of better than 1 K needed for this project. All spectra presented in the
following are unpolarised, as no strong dichroic effects were observed in
preliminary spectra polarised along the optical extinction directions of
sample crystals.


Acknowledgement


This work was supported by the Centre National de la Recherche
Scientifique (CNRS), the Commissariat a¡ l×Energie Atomique (CEA),
the Universite¬ Joseph-Fourier and the Re¬gion Rho√ne Alpes through
project EMERGENCE 99. Travel grants between France and Canada were
afforded by the Centre Jacques Cartier and the Commission Permanente
de Coope¬ration Franco-Que¬be¬coise. L.÷. thanks the Swedish Research
Council for Engineering Sciences and the Foundation for Strategic
Research.


[1] J. S. Miller, Inorg. Chem. 2000, 39, 4392, and references therein.
[2] H. M. McConnell, J. Chem. Phys. 1963, 39, 1910.
[3] O. Kahn, Molecular Magnetism, VCH, Weinheim, 1993.
[4] a) R. Breslow, Pure Appl. Chem. 1982, 54, 927; b) H. M. McConnell,


Proc. Robert A. Welch Found. Conf. Chem. Res. 1967, 11, 144.
[5] J. S. Miller, A. J. Epstein, Angew. Chem. Int. Ed. Engl. 1994, 33, 385;


Angew. Chem. 1994, 106, 399.
[6] a) M. Minguet, D. B. Amabilino, J. Cirujeda, K. Wurst, I. Mata, E.


Molins, J. J. Novoa, J. Veciana, Chem. Eur. J. 2000, 6, 2350. b) Among
146 crystal structures of nitronyl nitroxide radicals examined through
the CCDC (Cambridge Crystallographic Data Centre, F. H. Allen, O.
Kennard, Chem. Design Auto. News 1993, 8, 31) only one comes close
to such a planar system (O. Jurgens, J. Cirujeda, M. Mas, I. Mata, A.
Cabrero, J. Vidal-Gancedo, C. Rovira, E. Molins, J. Veciana, J. Mater.
Chem. 1997, 7, 1723).


[7] a) J. Darriet, M. S. Haddad, E. N. Duesler, D. N. Hendrickson, Inorg.
Chem. 1979, 18, 2679; b) G. S. Rushbrooke, P. J. Wood, J. Mol. Phys.
1958, 1, 257.


[8] a) A. Zheludev, M. Bonnet, D. Luneau, E. Ressouche, P. Rey, J.
Schweizer, Physica B (Amsterdam) 1995, 213 ± 214, 268; b) A.
Zheludev, M. Bonnet, B. Delley, A. Grand, D. Luneau, L. ÷hrstrˆm,
E. Ressouche, P. Rey, J. Schweizer, J. Magn. Magn. Mater. 1995, 145,
293; c) A. Zheludev, V. Barone, M. Bonnet, B. Delley, A. Grand, E.
Ressouche, P. Rey, R. Subra, J. Schweizer, J. Am. Chem. Soc 1994, 116,
2019.


[9] M. Deumal, J. Cirujeda, J. Veciana, J. J. Novoa, Chem. Eur. J. 1999, 5,
1631


[10] F. Lanfranc de Panthou, D. Luneau, J. Laugier, P. Rey, J. Am. Chem.
Soc. 1993, 115, 9095. In this compound the O±C distance is 2.92 ä and
the coupling �18 cm�1.


[11] P. J. McCarthy, H. U. G¸del, Coord. Chem. Rev. 1988, 88, 69.
[12] a) C. Lescop, D. Luneau, G. Bussiere, M. Triest, C. Reber, Inorg.


Chem. 2000, 39, 3740; b) T. Yoshida, T. Suzuki, K. Kanamori, S.
Kaizaki Inorg. Chem. 1999, 38, 1059; c) Y. Yamamoto, T. Suzuki, S.
Kaizaki, J. Chem. Soc. Dalton Trans. 2001, 1566.


[13] J. J. Girerd, Y. Journaux, O. Kahn, Chem. Phys. Lett. 1981, 82, 534.
[14] a) E. F. Ullman, L. Call, J. H. Osiecky, J. Org. Chem. 1970, 35, 3623;


b) E. F. Ullman, J. H. Osiecky, D. G. B. Boocock, R. Darcy, J. Am.
Chem. Soc. 1972, 94, 7049.


[15] D. G. B. Boocock, E. F. Ullman, J. Am. Chem. Soc. 1968, 90, 6873
[16] SAINT ver. 4.050, Bruker Analytical X-ray Instruments, Inc.,


Madison, WI, 1998, 1994.
[17] SHELXTL ver. 5.030, Bruker Analytical X-ray Instruments, Inc.,


Madison, WI, 1998, 1994.
[18] a) J. Andzelm, E. Wimmer, J. Chem. Phys. 1992, 96, 1280; b) DGauss,


5.0 ed., Oxford Molecular Group, Inc.
[19] A. D. Becke, Phys. Rev. A 1998, 38, 3098
[20] a) J. P. Perdew, Phys. Rev. 1986, B 33, 8822; b) J. P. Perdew, Phys. Rev.


1986, B 34, 7406.
[21] N. Godbout, D. R. Salahub, J. Andzelm, E. Wimmer, Can. J. Chem.


1992, 70, 560.
[22] J.-M. Mouesca, L. Noodleman, D. A. Case, Int. J. Quant. Chem. 1995,


22, 95.


Received: January 30, 2002 [F3840]








Diastereoselectivity in the Addition of Allylzinc Reagents
to �-Alkoxy-�,�-disubstituted Alkenyllithium Compounds


Nicolas Bernard, Fabrice Chemla,* Franck Ferreira, Naouel Mostefai, and
Jean-F. Normant[a]


Abstract: The carbometalation reaction of allyl- and crotylzinc bromide with
metalated disubstituted homoallylic ethers gives tri- or tetrasubstituted 5-hexenyl
ethers with excellent control of the diastereoselectivity. The stereochemistry of this
reaction is discussed and has been attributed to an early transition state with chelation
to the oxygen atom in the energetically favored conformer as the stereodetermining
step.
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Introduction


Since its discovery by Gaudemar and co-workers,[1] the
addition of allylzinc compounds to vinyl metal compounds,
which leads to 1,1-dimetallic species, has been widely studied
over the past ten years from both a synthetic[2] and theoretical
point of view.[3] The stereoselectivity of this reaction has been
studied in detail, particularly in the case of vinyl metal
compounds bearing a heteroatom in the allylic position. In
this case, the allyl metal reagent reacts with good facial
stereoselectivity. This has been attributed to an internal
coordination during the addition process, which then occurs
anti to the substituent in the allylic position (Scheme 1).[4]


In the case of vinyllithium compounds derived from
homoallylic ethers, a more complex stereochemical behavior
is observed.[5] The reaction occurs with excellent stereocon-
trol; however, the relative configuration of the newly formed
carbon center depends on the substitution of the vinylic
partner (Scheme 2).


In the case of the metalated homoallylic ether 1a, which
bears only one substituent, the allyl metal moiety reacts on the
less hindered face anti to this substituent to give ether 2a with
a high selectivity after hydrolysis. When the metalated
homoallylic ether bears a substituent in both the allylic and
homoallylic positions, two different cases have been reported.


Scheme 1. Reaction of vinyllithium compounds bearing an alkoxy moiety
in the allylic position.


For lithio compound 1b, both substituents are cis to each
other and then located on the same face of the presumed six-
membered ring induced by the internal coordination (™match-
ed∫ case). For this compound, the allyl metal reaction takes
place in a stereoselective fashion to give ether 2b as a single
diastereomer. The relative configurations have been deter-
mined and show that the reaction of the allylzinc moiety takes
place on the less hindered face, as in the case of 1a. In
contrast, in the reaction of lithio compound 1c, in which
substituents are trans to each other in the six-membered-ring
intermediate (™mismatched∫ case), stereochemical analysis of
the resulting ether 2c shows that the reaction with allylzinc
species surprisingly occurs on the same side as the allylic
substituent. Thus the stereochemical course of the reaction
seems to be controlled only by the homoallylic substituent and
to be independent of the substituent in the allylic position.
However, the question of the generality of this strange
behavior has remained unsolved, because in this preliminary
study only one example of each case (™matched∫ or ™mis-
matched∫ as defined above) was reported. Moreover, in the
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™mismatched∫ case, the steric demands of the two substituents
were very different, and thus this example was possibly
biased. We wanted to examine the scope and the limitations of
the stereochemical course of this reaction, and we report here
our results in a more general study on the reaction of diversely
substituted metalated homoallylic ethers with allyl and crotyl
metal compounds.


Results


Preparation of the metalated homoallylic ethers : The meta-
lated substituted homoallylic ethers 7a ± h (see Scheme 4)
needed for our study were prepared in situ from the
corresponding vinyl iodides 6a ± h (see Scheme 3) by Li ± I
exchange with tBuLi (2 equivalents) in diethyl ether. The
iodides were prepared from the corresponding substituted
homopropargylic alcohols[6, 7, 8] or ethers[6] by the procedures
depicted in Scheme 3.


Reaction of metalated homoallylic ethers 7a ± h with allylzinc
and crotylzinc bromide : The reactions of metalated substi-
tuted homoallylic ethers 7a ± g with allylzinc bromide were
conducted in diethyl ether at �25 �C within 3 ± 7 h. The yields
of the isolated products are reported in Table 1. After


Scheme 3. Preparation of vinyl iodide precursors. i) MOMCl, iPr2NEt; ii)
KF, DMF:H2O; iii) CH2(OMe)2, P2O5 or LiBr, PTSA; iv) nBuLi, THF;
v) I2; vi) KO2C-N�N-CO2K. MOM�methoxymethyl; PTSA� p-toluene-
sulfonic acid.


hydrolysis, the resulting disubstituted ethers 8ax, 8b (starting
from vinyl iodides 6a, 6b, respectively) or trisubstituted
ethers 8cx, 8d, 8e, 8 fx, and 8g (from 6c ± g respectively) were
obtained in 51 ± 85% yields (see Scheme 4 and Table 1,
entries 1, 3, 4, 6, 7, 8, and 10). No reaction with the metalated
homoallylic ether 7h, derived from 6 h, was observed, even
after 20 h, and the ether 9 was isolated upon hydrolysis
(Table 1, entry 11). The reactions of metalated substituted


Scheme 2. Reaction of substituted metalated homoallylic ethers.


Table 1. Products from carbometalation and iodoetherification reactions.


Entry Starting Carbometalation Yield Iodoetherification Yield
vinyl iodide product [%] product [%][a]


1 6a 8ax 74 10ax 57
2 6a 8ay 59 10ay 47
3 6b 8b 85
4 6c 8cx 52
5 6c 8cy 71 10cy 73
6 6d 8d 51 10d 30
7 6e 8e 72 10e 63
8 6 f 8 fx 79 10 fx[b] 76
9 6 f 8 fy[c] 65 10 fy 57


10 6g 8g[d] 65 10g 57
11 6 h NR[e]


[a] Yield over two steps after purification. [b] As a mixture of two
diastereomers in a 60/40 ratio. [c] As a mixture of two diastereomers in a
68/32 ratio. [d] As a mixture of two diastereomers in a 90/10 ratio. [e] NR�
no reaction.
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Scheme 4. Reaction of metalated substituted homoallylic ethers with
allylzinc and crotylzinc bromide.


homoallylic ethers 7a, 7c, and 7 f with crotylzinc bromide
were conducted in diethyl ether to give, after hydrolysis, the
corresponding ethers 8ay, 8cy, and 8 fy in 59, 71, and 65%
yield, respectively (Table 1, entries 2, 5, and 9). In all cases,
products were obtained as single diastereomers (except for
8 fy, which was obtained as a mixture of two diastereomers in
a 68/32 ratio, and 8g, which was obtained as a mixture of two
diastereomers in a 90/10 ratio), based on 1H and 13C NMR
analysis. The relative configurations of all stereogenic centers
were determined (see below).


Determination of the relative stereochemistry of compounds
8a ± g : The relative stereochemistries of compounds 8a ± g
were determined by the transformation of these compounds
into the substituted iodomethyltetrahydropyrans 10a ± g by
use of the general procedure depicted in Scheme 5: hydrolysis


Scheme 5. Structure determinations.


of the acetal moiety and iodocyclization[9] of the resulting
alcohol. The corresponding tetrahydropyrans were then
subjected to 1H NMR analysis and the relative configurations
were determined by coupling constants and/or NOE measure-
ments. Our results are reported in Scheme 5, and the yields of
the substituted tetrahydropyrans are listed in Table 1. The
iodoetherification reaction generally occurred with an ex-
cellent stereoselectivity, whereby the iodomethyl moiety
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occupied the equatorial position in 10a ± g, except for com-
pound 10 f. The compound 10 fx was obtained as a mixture of
the two possible diastereomers in a 60/40 ratio and the
structure determination was carried out on the major
diastereomer. In the case of 8 fy, the mixture of the
inseparable diastereomers, when subjected to the iodoether-
ification reaction, led to a mixture of three isomeric iodo-
methyltetrahydropyrans; among them only the major diaster-
eomer 10 fy could be separated and subjected to 1H NMR
analysis.


The stereochemistry of compound 8cx could not be
determined by this methodology. However, its structure has
been determined to be the one represented in Scheme 4 by
analogy with the structures obtained from 1b,[5] 6d, and 6e
through reaction with allylzinc bromide.


The reaction of metalated homoallylic tert-butyl ether 14
with allylzinc bromide gave after hydrolysis the ether 15 in
70% yield as a single diastereomer (Scheme 6). Its stereo-


Scheme 6. Preparation of ether 15 and acetal 8b.


chemistry was attributed by analogy with that observed in
2a.[5] Transformation of ether 15 into acetal 8b was achieved
in two steps. Compound 8b prepared by this method was
found to be identical to the one obtained by reaction of
metalated homoallylic ether 7b with allylzinc bromide, thus
determining the stereochemical course of the latter reaction.
Scheme 6 also depicts the preparation of 13 from homopro-
pargylic alcohol 11.


Discussion


Reactions with allylzinc bromide : As seen above, the stereo-
chemical course of the allylzincation reaction is somewhat
puzzling. Clearly the stereochemistries cannot be explained
only on the basis of simple steric hindrance. For monosub-
stituted systems, the reaction occurs on the side opposite to
the substituent (reactions of 1a, 7a, and 7b). For disubstituted
systems, two cases have to be considered. When both
substituents lie on the same side of the cycle formed through
chelation (™matched∫ case), the reaction again occurs selec-
tively on the side opposite to the substituents (reactions of 1b,
7c, 7d, and 7e), and this behavior can be explained by simple


steric hindrance. In contrast, when the substituents are trans
to each other in the chelate cycle (™mismatched∫ case), the
reaction occurs on the side opposite to the homoallylic
substituent (reactions of 1c and 7 f) or to the allylic
substituent (reaction with 7g). This allylic substituent seems
to have an influence on the reactivity, as in the case of an
overly sterically demanding substituent (iPr group in 7h), no
reaction was observed. In contrast, in the monosubstituted
case of 7a, the same sterically demanding iPr group does not
inhibit the reaction. These results are summarized in
Scheme 7.


Scheme 7. Stereochemical course of the allylzincation reaction.


Diastereoselectivity under thermodynamic control : A first
conceivable explanation for our observations could be that
the reaction follows a thermodynamically controlled pathway.
Calculations by Schreiner et al.[3c] have shown that in the case
of the reaction of a vinyllithium compound with an allylzinc
compound, the elementary allylzincation step itself is endo-
thermic, with an energy loss of 20.2 kcalmol�1 between the
initial Zn�Li bimetallic complex and the resultant bimetallic
species, with an activation energy of 24.9 kcalmol�1; similar
values (energy loss: 23.2 kcalmol�1, activation energy:
24.5 kcalmol�1) were obtained by Nakamura et al.[3a,b] These
values indicate a late transition state. In the case of the
reaction of a vinylmagnesium halide with allylzinc, the
calculations provided values involving a less endothermic
process, as the energy loss between the initial Zn�Mg
bimetallic complex and the bimetallic product was found to
be only 7.1 kcalmol�1 by Schreiner et al. or 4.0 kcalmol�1 by
Nakamura et al., with an energy barrier of 15.9 kcalmol�1 or
15.3 kcalmol�1, respectively. It should be pointed out that
these calculations do not involve metalated allylic or homo-
allylic ethers.


In such an interpretation involving an endothermic process
and a late transition state, a chairlike transition state should
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be favored over a twistlike transition state, as in the case of the
halogenation of cyclohexenes,[10±12] and the stereochemistry of
the allylzinc reaction should thus be governed by the
homoallylic substituent alone (Scheme 8). Starting from the


Scheme 8. Late transition state control.


two possible half-chairs A and B in the ™matched∫ case (or C
and D, respectively in the ™mismatched∫ case), two chairlike
transition states are then possible; however, one (from B or
D) is disfavored because of the steric interactions between the
allyl moiety and the homoallylic substituent R2.


This interpretation explains almost all of the results we
obtained, except for the case of the allylzincation of 7g. In this
case, such an interpretation would invoke a highly strained
fused chair-twisted transition state leading to E (Scheme 9),


Scheme 9. Late transition state in the reaction of 7g.


which would be highly disfavored over the other possible
fused chair ± chair transition state leading to F. It could be
envisioned that in the case of 7g, the allylzinc moiety×s
approach could be hindered by axial hydrogens in the
cyclohexane ring. Hereby intramolecular coordination may
form an eight-membered ring rather than a six-membered
ring, thus altering the stereochemical course of the reaction.[13]


However, another explanation is possible, in which an early
transition state is followed by a kinetically controlled path-
way.


Diastereoselectivity under kinetic control: Notably, the only
™mismatched∫ case in which the allylzinc moiety reacts syn to
the homoallylic substituent (7g) is also the only case in which
the conformational equilibrium between the two possible
half-chairs is blocked, as there is only one possible conforma-
tion depicted in Scheme 9. This then leads to consider the
following assumptions: 1) in this case the allylzinc moiety
reacts on the same side as the oxygen atom and this could be
the stereodifferentiating factor, and 2) in all other ™mis-
matched∫ cases, the real reacting conformer is the one with
the two substituents in an axial or pseudoaxial position
(Scheme 10). Here again, the allylzinc moiety is reacting on


Scheme 10. Chelation-controlled allylzincation reactions.


the same side as the oxygen atom. This alternate explanation
involves a kinetically controlled reaction pathway with an
early transition state. The same stereodifferentiating factor
could also be invoked in the cases of monosubstituted
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substrates, as well as in the ™matched∫ cases: the reaction of
the allylzinc moiety could be directed only through chelation
to the oxygen atom in the most reactive conformer
(Scheme 10).


Interestingly, this new approach explains all of our results.
The preference in the reaction of the allylzinc moiety in the
™matched∫ case is readily understandable (Scheme 10) on the
simple basis of steric hindrance in the approach of the allyl
group. In the ™mismatched∫ case, when the R1 and R2 groups
lie in the pseudoequatorial and equatorial positions, a strong
1,2-diequatorial strain is developed, strain similar to that
observed in cyclohexenes and more significant than that
observed in simple cyclohexanes.[10] In contrast, R1 and R2


groups in pseudoaxial and axial positions have no real steric
interaction with any other group in the cycle except for the
lone pair of the oxygen atom. Some cases of preference for
diaxial over diequatorial situations have been reported in
cyclohexenes,[12] and in 4,5-disubstituted,[14] 4,6-disubstitut-
ed,[15] 5,6-disubstituted,[16] and 4,5,6-trisubstituted[17] 6H-4,5-
dihydropyrans, as well as for other unsaturated six-membered
heterocycles.[18] To confirm this hypothesis, we conducted
several simple semiempirical AM1 calculations.[19] The results
demonstrate a clear preference for the diaxial conformer over
the diequatorial one (Table 2).


In the ™mismatched∫ case the lower energy conformer is the
one with the two substituents in the axial position, with an
energy difference of 2.80 kcalmol�1 (Table 2). Such a signifi-
cant difference could be minimized by steric interaction of the
allyl moiety with the allylic pseudoaxial substituent, but the
major reaction pathway should proceed through the diaxial
conformer, and this is confirmed experimentally when we
obtain products 2c, 8 fx, and 8g. It should be noted that if the
allylic substituent is too sterically demanding (as an iPr group
in 7h), the diequatorial conformer should be even more
disfavored, but the approach of the allyl moiety on the diaxial
conformer should also be disfavored. This could explain the
lack of reactivity observed with 7h. A significant difference in
energy was also found in the reactions of monosubstituted
substrates. Here again, the allylzinc moiety should react


through the less energetic conformers in an anti fashion to the
substituent, resulting in compounds 2a, 8b, and 8ax. In
contrast, in the ™matched∫ case, the energy difference
between the two possible conformers is much smaller, with
a value of 0.26 kcalmol�1 in favor of the conformer with the
two substituents on the same side of the double bond plane as
the oxygen atom. However, this small difference in energy
should be enhanced by the steric interaction between the
allylic group in the pseudoaxial position and the reacting allyl
moiety. In this case, products 1b, 8cx, 8d, and 8e are obtained.
Although these calculations only concern the starting materi-
als and not the transition states, the tendencies they reveal
strongly support our hypothesis.


Reactions with crotylzinc reagents : It has previously been
shown that crotylzinc reagents react with vinyl metal com-
pounds in the cisoid form stereoselectively.[2] In the mono-
substituted and ™matched∫ cases 6a and 6c, the stereo-
selectivity was also very good in favor of the reaction of cisoid
crotylzinc compounds to produce 8ay and 8cy (Table 1,
entries 2 and 5). In the ™mismatched∫ case of 6 f, the
stereoselectivity was poorer, as two diastereomers were
obtained in a 68/32 ratio. It has previously been shown[5] that
in the ™mismatched∫ case 1c, the reaction of the crotylzinc
reagent also occurred with a lower diastereoselectivity than in
the ™matched∫ case, and two diastereomers were obtained in a
75/25 ratio. This lack of selectivity was shown not to be caused
by lower facial selectivity, but rather by a reaction, to a minor
extent, of the transoid form of crotylzinc reagent. Unfortu-
nately we were unable to determine the stereochemistry of
the minor diastereomer we obtained in the reaction of 6 f, and
we are thus unable to confirm the generality of this
observation. However, this drop of selectivity in the ™mis-
matched∫ case is understandable, as the reaction occurs on the
diaxial conformer, and the steric interactions between the
allylic substituent and the crotylzinc reagent must thus be
enhanced with respect to the interactions with allylzinc
reagents. We are currently working to understand more about
these reactions, and further results will be reported in due
course.


Conclusions


The reaction of allylzinc and crotylzinc reagents with meta-
lated mono- or disubstituted homoallylic ethers occurs
smoothly with excellent diastereoselectivity. The diastereose-
lectivity of the reaction is governed mostly by an attack anti to
the homoallylic substituent. This stereoselectivity can be
attributed to a kinetically controlled addition directed by
chelation onto the oxygen atom. The addition occurs to the
energetically favored conformer, this being the diaxial one for
syn-disubstituted homoallylic ethers. It should be emphasized
that this methodology allows the totally diastereoselective
construction of 1,2,3-trisubstituted or 1,2,3,4-tetrasubstituted
5-hexenylethers. Applications to the diastereoselective and
enantioselective synthesis of natural products is currently
under investigation.


Table 2. AM1 calculations on the possible conformers of substituted
4-zincio-3-butenyl methyl ethers.


Lower energy conformer Higher energy conformer �E (kcalmol�1)


2.80


0.26


2.85


1.46
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Experimental Section


The preparation and physical data for ethers 4a, 4b, 4d, 4e, 4g ; for alkynyl
iodides 5a ± h ; for vinyl iodides 6a ± h ; as well as for compounds 12, 13, 15,
and 16; are reported as Supporting Information.


General procedure for the preparation of ethers 8a ± h : Under a nitrogen
atmosphere, tert�butyllithium (1.7� in pentane, 2.0 equiv) was added to a
stirred solution of vinyl iodide 6a ± h (0.1�� in anhydrous Et2O at �80 �C.
The resulting mixture was warmed up to �55 �C for 30 min and
allylmagnesium or crotylmagnesium bromide (etheral solutions, 4.0 equiv)
and ZnBr2 (1.0� in Et2O, 4.0 equiv) were added successively. After
warming to �25 �C and stirring for 3 ± 7 h, the solution was quenched with
1� HCl and the aqueous layer was extracted with Et2O (three times). The
combined organic layers were washed with a saturated aqueous NaHCO3


solution, water, and brine, dried over anhydrous MgSO4, and then
concentrated in vacuo. The residual oils were purified by flash chromatog-
raphy, by eluting with 5% ethyl acetate/cyclohexane to give ethers 8a ± h.


(4R*,5R*)-5-isopropyl-6-methoxymethoxy-4-methylhex-1-ene (8ax): Pre-
pared from (Z)-vinyl iodide 6a (568 mg, 2.00 mmol) and allylmagnesium
bromide in 74% yield (296 mg, 1.48 mmol) as a yellow oil, d.r.: �98/2.
1H NMR (400 MHz, CDCl3): �� 5.77 (ddd, 3J� 7.1, 10.1, and 17.1 Hz, 1H),
5.05 ± 4.99 (m, 2H), 4.63 (s, 2H), 3.57 (ABX system, 3J� 5.0 Hz, 2J�
10.1 Hz, 1H), 3.51 (ABX system, 3J� 5.1 Hz, 2J� 10.1 Hz, 1H), 3.39 (s,
3H), 2.17 (m, 1H), 2.02 (m, 1H), 1.86 ± 1.80 (m, 2H), 1.34 (m, 1H), 0.95 (d,
3J� 6.9 Hz, 6H), 0.87 (d, 3J� 6.7 Hz, 3H); 13C NMR (100.6 MHZ, CDCl3):
�� 138.1, 115.7, 96.7, 66.9, 55.4, 47.7, 40.6, 32.6, 28.0, 21.3, 20.4, 16.0;
elemental analysis calcd (%) for C12H24O2 (200.18): C 71.95, H 12.08;
found: C 71.74, 12.16.


(3S*,4S*,5S*)-3,4-Dimethyl-5-iso-propyl-6-methoxymethoxyhex-1-ene
(8ay): Prepared from (Z)-vinyl iodide 6a (196 mg, 0.69 mmol) and
crotylmagnesium bromide in 59% yield (86 mg, 0.40 mmol) as a yellow
oil, d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 5.71 (ddd, 3J� 8.2, 10.2,
and 17.3 Hz, 1H), 4.98 (m, 2H), 3.52 (ABX system, 3J� 4.1 and 5.6 Hz, 2J�
9.7 Hz, 2H), 3.39 (s, 3H), 2.23 (m, 1H), 1.89 (m, 1H), 1.55 (m, 1H), 1.44 (m,
1H), 1.03 (d, 3J� 6.6 Hz, 3H), 0.95 (d, 3J� 7.1 Hz, 3H), 0.93 (d, 3J� 6.6 Hz,
3H), 0.82 (d, 3J� 7.1 Hz, 3H); 13C NMR (100.6 MHZ, CDCl3): �� 143.5,
113.9, 97.1, 67.6, 55.7, 45.7, 42.2, 37.3, 28.5, 21.0, 20.6, 19.2, 13.3; IR (film,
KBr): �� � 3030, 2960, 2940, 2880, 1635 cm�1; elemental analysis calcd (%)
for C13H26O2 (214.34): C 72.84, H 12.23; found: C 72.76, 12.36.


(4S*,6S*)-6-methoxymethoxy-4-methylnon-1-ene (8b): Prepared from
(Z)-vinyl iodide 6b (284 mg, 1.00 mmol) and allylmagnesium bromide in
70% yield (140 mg, 0.70 mmol) as a yellow oil, d.r.: �98/2. 1H NMR
(400 MHz, CDCl3): �� 5.79 (ddd, 3J� 7.1, 10.4, and 17.4 Hz, 1H), 5.05 (dd,
2J� 0.8 Hz, 3J� 9.5 Hz, 1H), 5.02 (dd, 2J� 0.8 and 3J� 17.6 Hz, 1H), 4.67
(AB system, 2J� 6.9 Hz, 2H), 3.67 (m, 1H), 3.40 (s, 3H), 2.50 ± 1.93 (m,
2H), 1.86 ± 1.70 (m, 1H), 1.58 ± 1.20 (m, 6H), 0.95 ± 0.91 (m, 6H); 13C NMR
(100.6 MHZ, CDCl3): �� 137.7, 116.2, 95.7, 75.5, 55.9, 42.4, 42.0, 39.5, 29.4,
19.7, 18.8, 14.7; IR (film, KBr): �� � 3080, 2960, 2930, 2880, 1640 cm�1;
elemental analysis calcd (%) for C12H24O2 (212.23): C 71.95, H 12.08;
found: C 71.73, 12.19.


(4S*,5S*,6S*)-4,5-Dimethyl-6-methoxymethoxydec-1-ene (8cx): Prepared
from (Z)-vinyl iodide 6c (621 mg, 2.00 mmol) and allylmagnesium bromide
in 52% yield (238 mg, 1.04 mmol) as a yellow oil, d.r.: �98/2. 1H NMR
(400 MHz, CDCl3): �� 5.79 (m, 1H), 5.01 (m, 2H), 4.65 (AB system, 2J�
6.8 Hz, 2H), 3.58 (m, 1H), 3.39 (s, 3H), 2.19 (m, 1H), 1.85 (m, 1H), 1.70 ±
1.25 (m, 8H), 0.90 (m, 9H); 13C NMR (100.6 MHz, CDCl3): �� 138.1,
116.0, 96.4, 80.2, 56.0, 40.5, 37.6, 34.6, 32.1, 27.9, 23.4, 18.4, 14.5, 11.3; IR
(film, KBr): �� � 3060, 2940, 2880, 1640 cm�1; elemental analysis calcd (%)
for C14H28O2 (228.37): C 73.63, H 12.36; found: C 73.37, 12.48.


(3S*,4S*,5S*,6S*)-6-Methoxymethoxy-3,4,5-trimethyldec-1-ene (8cy):
Prepared from (Z)-vinyl iodide 6c (624 mg, 2.00 mmol) and crotylmagne-
sium bromide in 71% yield (344 mg, 1.42 mmol) as a yellow oil, d.r.: �98/2.
1H NMR (400 MHz, CDCl): �� 5.74 (m, 1H), 5.00 (m, 2H), 4.64 (AB
system, 2J� 7.1 Hz, 2H), 3.67 (ddd, 3J� 2.0, 6.1, and 7.6 Hz, 1H), 3.37 (s,
3H), 2.49 (m, 1H), 1.70 ± 1.15 (m, 8H), 1.04 (d, 3J� 7.0 Hz, 3H), 0.94 (d,
3J� 6.6 Hz, 3H), 0.92 (t, 3J� 7.1 Hz, 3H), 0.87 (d, 3J� 6.7 Hz, 3H );
13C NMR (100.6 MHz, CDCl3): �� 140.9, 114.6, 96.3, 79.3, 55.9, 40.3, 39.4,
38.6, 32.5, 28.7, 23.3, 19.8, 14.5, 12.5, 11.9; IR (film, KBr): �� � 3030, 2960,
2880, 1630 cm�1; elemental analysis calcd (%) for C15H30O2 (242.40): C
74.32, H 12.47; found: C 74.09, 12.53.


(1S*,2S*)-1-Methoxymethoxy-2-(1-[(1S*)-1-methylbut-3-enyl])cyclohex-
ane (8d): Prepared from (Z)-vinyl iodide 6d (590 mg, 1.99 mmol) and
allylmagnesium bromide in 51% yield (214 mg, 1.01 mmol) as a yellow oil,
d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 5.79 (m, 1H), 5.01 (m, 2H),
4.68 (AB system, 2J� 6.8 Hz, 2H), 3.93 (m, 1H), 3.41 (s, 3H), 2.29 (m, 1H),
2.03 (m, 1H), 1.95 ± 1.05 (m, 10H), 0.93 (d, 3J� 6.7 Hz, 3H); 13C NMR
(100.6 MHz, CDCl3): �� 138.0, 116.1, 95.6, 73.8, 56.1, 46.6, 38.7, 34.1, 30.7,
26.7, 24.9, 20.7, 17.4; IR (film, KBr): �� � 3030, 2950, 2880, 1640 cm�1;
elemental analysis calcd (%) for C13H24O2 (212.23): C 73.54, H 11.39;
found: C 73.36, 11.52.


(4S*,5S*,6S*)-6-Methoxymethoxy-4,5,7-trimethyloct-1-ene (8e): Prepared
from (Z)-vinyl iodide 6e (590 mg, 1.98 mmol) and allylmagnesium bromide
in 72% yield (304 mg, 1.42 mmol) as a yellow oil, d.r.: �98/2. 1H NMR
(400 MHz, CDCl3): �� 5.79 (m, 1H), 5.01 (m, 2H), 4.68 (s, 2H), 3.41 (s,
3H), 3.25 (t, 3J� 5.0 Hz, 1H), 2.17 (m, 2H), 1.90 ± 1.50 (m, 3H), 0.91 (m,
12H); 13C NMR (100.6 MHz, CDCl3): �� 137.6, 115.5, 98.3, 86.2, 55.8, 39.9,
37.0, 34.6, 30.8, 19.8, 17.9, 11.2; IR (film, KBr): �� � 3030, 2950, 1640 cm�1;
elemental analysis calcd (%) for C13H26O2 (214.34): C 72.84, H 12.23;
found: C 72.52, 12.30.


(4S*,5R*,6S*)-4,5-Dimethyl-6-methoxymethoxydec-1-ene (8 fx): Prepared
from (Z)-vinyl iodide 6 f (626 mg, 2.02 mmol) and allylmagnesium bromide
in 79% yield (365 mg, 1.59 mmol) as a colorless oil, d.r.: �98/2. 1H NMR
(400 MHz, CDCl3): �� 5.79 (m, 1H), 5.02 (m, 2H), 4.64 (s, 2H), 3.53 (m,
1H), 3.40 (s, 3H), 2.15 ± 1.90 (m, 2H), 1.85 ± 1.25 (m, 8H), 0.92 (t, 3J�
6.7 Hz, 3H), 0.85 (d, 3J� 6.8 Hz, 3H), 0.79 (d, 3J� 7.0 Hz, 3H); 13C NMR
(100.6 MHz, CDCl3): �� 137.7, 115.84, 96.0, 79.9, 55.7, 40.2, 39.3, 32.9, 30.4,
27.2, 23.2, 15.2, 14.3, 10.5; IR (film, KBr): �� � 3030, 2960, 2920, 2880,
1630 cm�1; elemental analysis calcd (%) for C14H28O2 (228.37): C 73.63, H
12.36; found: C 73.25, 12.43.


(3S*,4S*,5R*,6S*)-6-Methoxymethoxy-3,4,5-trimethyldec-1-ene (8 fy):
Prepared from (Z)-vinyl iodide 6 f (624 mg, 2.01 mmol) and crotylmagne-
sium bromide in 65% yield (317 mg, 1.31 mmol) as a yellow oil; mixture of
two diastereomers, d.r.: 68/32. 1H NMR (400 MHz, CDCl3): �� 5.73 (m,
1H), 4.99 (m, 2H), 4.64 (AB system, 2J� 6.2 Hz, 2H), 3.58 (m, 1H maj),
3.50 (m, 1H min), 3.40 (s, 3H min), 3.39 (s, 3H maj), 2.16 (m, 1H), 1.80 ±
1.30 (m, 8H), 1.01 (d, 3J� 6.8 Hz, 3H maj), 0.98 (d, 3J� 7.0 Hz, 3H min),
0.95 ± 0.80 (m, 9H); 13C NMR (100.6 MHz, CDCl3): �� 144.4 (min), 142.6
(maj), 113.8 (maj), 112.9 (min), 95.9 (min), 95.7 (maj), 79.8 (min), 79.3
(maj), 55.7, 40.5, 38.0, 37.1, 30.1, 27.1, 23.4, 19.2, 14.5, 12.5, 11.2; IR (film,
KBr): �� � 3030, 2950, 2880, 1640 cm�1; elemental analysis calcd (%) for
C15H30O2 (242.40): C 74.32, H 12.47; found: C 74.07, 12.59.


(1S*,2R*)-1-Methoxymethoxy-2-(1-[(1R*)-1-methylbut-3-enyl])cyclohex-
ane (8g): Prepared from (Z)-vinyl iodide 6g (886 mg, 2.99 mmol) and
allylmagnesium bromide in 65% yield (414 mg, 1.95 mmol) as a pale
orange oil; mixture of two diastereomers, d.r.: 90/10. 1H NMR (400 MHz,
CDCl3): �� 5.76 (m, 1H), 4.98 (m, 2H), 4.67 (AB system, 2J� 6.9 Hz, 2H),
3.47 (m, 1H), 3.37 (s, 3H), 2.22 (m, 1H), 2.10 (m, 1H), 1.71 ± 0.98 (m, 10H),
0.88 (d, 3J� 6.9 Hz, 3H maj), 0.77 (d, 3J� 6.9 Hz, 3H min); 13C NMR
(100.6 MHz, CDCl3): �� 139.1, 115.5, 95.5, 77.3, 56.1, 49.3, 36.1, 33.1, 26.1,
25.2, 31.3, 18.0; IR (film, KBr): �� � 3040, 2960, 2940, 2880, 1630 cm�1;
elemental analysis calcd (%) for C13H24O2 (212.23): C 73.54, H 11.39;
found: C 73.33, 11.59.


General procedure for the preparation of tetrahydropyrans 10a ± g : A few
drops of HCl (2�� were added dropwise to a stirred solution of
methoxymethyl ethers 8a ± g (0.1�� in absolute methanol. The resulting
solution was then refluxed for 4 h, cooled to 25 �C, quenched by a saturated
aqueous NaHCO3 solution, and then extracted with Et2O (three times).
The combined organic layers were washed with water and brine, dried over
anhydrous MgSO4, and the solvents were removed in vacuo to give
intermediate alcohols, which were used in the next step without purifica-
tion.


Under a nitrogen atmosphere, iodine (1.50 equiv) was added to a stirred
0.1� solution of the above crude alcohols in dry CH3CN at �35 �C. The
resulting mixture was then slowly warmed to 25 �C. After stirring overnight
at this temperature, the solution was quenched with a saturated aqueous
Na2S2O3 solution, and the aqueous layer was extracted with Et2O (four
times). The combined organic layers were washed with water and brine,
dried over anhydrous MgSO4, and then concentrated in vacuo. The residual
oils were purified by flash chromatography, by eluting with 10% ethyl
acetate/cyclohexane to give tetrahydropyrans 10a ± g.
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(2S*,4R*,5R*)-2-Iodomethyl-5-isopropyl-4-methyltetrahydropyran
(10ax): The intermediate alcohol was prepared from methoxymethyl ether
8ax (200 mg, 1.00 mmol, d.r.:�98/2) in 78% yield (121 mg, 0.78 mmol) as a
colorless oil, d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 5.79 (ddd, 3J�
7.1, 10.1, and 17.2 Hz, 1H), 5.06 ± 5.00 (m, 2H), 3.72 (ABX system, 3J� 5.0,
5.0 Hz, 2J� 11.2 Hz, 2H), 2.17 (m, 1H), 2.05 (m, 1H), 1.84 (m, 2H), 0.98 (d,
3J� 6.6 Hz, 3H), 0.96 (d, 3J� 6.2 Hz, 3H), 0.89 (d, 3J� 7.7 Hz, 3H);
13C NMR (100.6 MHz, CDCl3): �� 138.1, 115.9, 61.7, 50.3, 40.7, 32.4, 27.7,
21.4, 20.5, 16.2.


The title product 10ax was prepared from the above crude intermediate
alcohol (104 mg, 0.66 mmol) in 73% yield (135 mg, 0.48 mmol) as a
colorless oil; d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 3.94 (dd, 3J(ax-
eq)� 2.8 Hz, 2J� 11.4 Hz, 1H) 3.49 (m, 1H), 3.41 (t, 2J� 3J(ax-ax)�
11.4 Hz, 1H), 3.16 (ABX system, 3J� 4.6 and 6.6 Hz, 2J� 10.2 Hz, 2H),
2.19 (m, 1H), 1.67 (dt, 2J� 10.7 Hz, 3J(ax-eq)� 2.4 Hz, 1H), 1.54 (dt, 3J(ax-
eq)� 4.7 Hz, 2J� 3J(ax-ax)� 11.6 Hz, 1H), 1.34 (m, 2H), 0.96 (d, 3J�
7.2 Hz, 3H), 0.92 (d, 3J� 6.9 Hz, 3H), 0.89 (d, 3J� 7.5 Hz, 3H); 13C NMR
(100 MHz, CDCl3): �� 71.1, 66.6, 45.5, 39.5, 27.4, 26.3, 21.1, 20.4, 12.2, 10.9;
IR (film, KBr): �� � 2960, 2920, 2860, 1445 cm�1; elemental analysis calcd
(%) for C10H19IO (282.16): C 42.57, H 6.79; found: C 42.49, 6.85.


(2S*,3S*,4S,5R*)-3,4-Dimethyl-2-iodomethyl-5-isopropyltetrahydropyran
(10ay): The intermediate alcohol was prepared from methoxymethyl ether
8ay (44 mg, 0.20 mmol, d.r.: �98/2) in 65% yield (22 mg, 0.13 mmol) as a
colorless oil; d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 5.78 (m, 1H),
5.02 (m, 2H), 3.71 (m, 1H), 2.25 ± 1.05 (m, 11H), 0.95 (d, 3J� 6.9 Hz, 3H),
0.93 (d, 3J� 7.0 Hz, 3H), 0.91 (d, 3J� 7.0 Hz, 3H); 13C NMR (100 MHz,
CDCl3): �� 138.1, 116.0, 73.1, 42.6, 38.3, 35.9, 28.7, 23.2, 18.0, 14.5, 10.5.


The title product 10ay was then prepared from the above crude
intermediate alcohol (213 mg, 1.25 mmol) in 72% yield (266 mg,
0.90 mmol) as a pale yellow oil; d.r.: �98/2. 1H NMR (400 MHz, CDCl3):
�� 3.92 (ddd, 4J� 1.0 Hz, 3J(ax-eq)� 4.0 Hz, 2J(ax-ax)� 11.2 Hz, 1H), 3.26
(t, 3J(ax-ax)� 2J� 11.2 Hz, 1H), 3.13 (ABX system, 3J� 2.5 and 5.1 Hz,
2J� 10.7 Hz, 2H), 2.52 (ddd, 3J� 2.5 and 5.1 Hz, 3J(ax-ax)� 9.6 Hz, 1H),
1.74 (m, 1H), 1.64 (m, 1H), 1.36 (m, 1H), 1.16 (m, 1H), 0.79 (d, 3J� 6.6 Hz,
3H), 0.75 (d, 3J� 6.6 Hz, 3H), 0.60 (d, 3J� 7.1 Hz, 3H), 0.56 (d, 3J� 6.6 Hz,
3H); 13C NMR (100.6 MHz, C6D6/TMS): �� 74.2, 66.0, 48.1, 40.6, 33.9,
26.5, 21.3, 20.5, 15.2, 12.7, 6.7; IR (film, KBr): �� � 2940, 2860, 1445 cm�1;
elemental analysis calcd (%) for C11H21IO (296.19): C 44.61, H 7.15; found:
C 44.77, 7.23.


(2S*,3R*,4R*,5S*,6S*)-6-Butyl-2-iodomethyl-3,4,5-trimethyltetrahydro-
pyran (10cy): The intermediate alcohol was prepared from methoxymethyl
ether 8cy (344 mg, 1.04 mmol, d.r.: �98/2) in 94% yield (188 mg,
0.84 mmol) as a colorless oil; d.r.: �98/2. 1H NMR (400 MHz, CDCl3):
�� 5.75 (m, 1H), 4.98 (m, 2H), 3.77 (m, 1H), 2.50 (m, 1H), 1.70 ± 1.20 (m,
8H), 1.04 (d, 3J� 6.9 Hz, 3H), 0.93 (m, 9H); 13C NMR (100.6 MHz,
CDCl3): �� 141.0, 114.3, 72.0, 40.7, 40.3, 38.9, 35.9, 27.0, 22.9, 19.5, 14.2,
12.1, 10.6.


The title product 10cy was then prepared from the above crude
intermediate alcohol (188 mg, 0.95 mmol) in 78% yield (239 mg,
0.74 mmol) as a colorless oil; d.r.: �98/2. 1H NMR (400 MHz, CDCl3):
�� 3.61 (ddd, 3J(ax-eq)� 2.7 Hz, 3J� 6.6 and 7.8 Hz, 1H) 3.36 (ddd, 3J�
2.7 and 4.6 Hz, 3J(ax-ax)� 7.8 Hz, 1H), 3.21 (ABX system, 3J� 6.6 and
7.8 Hz, 2J� 9.9 Hz, 2H), 1.90 (m, 1H), 1.82 (m, 1H), 1.70 ± 1.20 (m, 7H),
1.04 (d, 3J� 7.2 Hz, 3H), 0.93 (t, 3J� 7.0 Hz, 3H), 0.81 (d, 3J� 7.2 Hz, 3H),
0.80 (d, 3J� 7.2 Hz, 3H) ; 13C NMR (100.6 MHz, CDCl3): �� 83.7, 83.0,
38.8, 37.0, 36.7, 32.3, 28.7, 23.2, 17.4, 14.5, 9.5, 8.4, 7.5; IR (film, KBr): �� �
2950, 2920, 2860, 1445 cm�1; elemental analysis calcd (%) for C13H25IO
(324.24): C 48.16, H 7.77; found: C 48.01, 7.88.


(2S*,4S*,4aS*,8aS*)-2-Iodomethyl-4-methyloctahydrochromene (10d):
The intermediate alcohol was prepared from methoxymethyl ether 8d
(214 mg, 1.00 mmol) in 60% yield (101 mg, 0.60 mmol) as a colorless oil;
d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 5.80 (m, 1H), 5.04 (m, 2H),
4.11 (br s, 1H), 3.92 (m, 1H), 2.29 (m, 2H), 2.00 ± 1.10 (m, 10H), 0.96 (d,
3J� 6.8 Hz, 3H); 13C NMR (100.6 MHz, CDCl3): �� 137.7, 116.2, 69.4, 40.1,
34.3, 33.4, 26.7, 25.6, 24.5, 20.9, 17.2.


The title product 10d was then prepared from the above crude inter-
mediate alcohol (101 mg, 0.60 mmol, d.r.: �98/2) in 50% yield (86 mg,
0.30 mmol) as a colorless oil; d.r.: �98/2. 1H NMR (400 MHz, CDCl3): ��
3.50 (m, 1H), 3.27 (m, 3H), 1.90 (m, 1H), 1.60 ± 1.05 (m, 10H), 0.91 (d, 3J�
7.0 Hz, 3H); 13C NMR (100.6 MHz, CDCl3): �� 76.5, 72.0, 40.5, 35.0, 33.4,


32.5, 26.2, 21.3, 20.1, 19.0, 11.9; IR (film, KBr): �� � 2950, 2910, 2860,
1445 cm�1; elemental analysis calcd (%) for C11H19IO (294.17): C 44.91, H
6.51; found: C 44.81, 6.59.


(2S*,4S*,5S*,6S*)-4,5-Dimethyl-2-iodomethyl-6-isopropyltetrahydropyran
(10e): The intermediate alcohol was prepared from methoxymethyl ether
8e (304 mg, 1.42 mmol) in 88% yield (213 mg, 1.25 mmol) as a colorless oil;
d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 5.80 (m, 1H), 5.00 (m, 2H),
3.32 (dd, 3J� 3.9 and 7.2 Hz, 1H), 2.25 ± 1.50 (m, 5H), 0.97 (d, 3J� 6.6 Hz,
3H), 0.95 (d, 3J� 6.7 Hz, 3H), 0.92 (d, 3J� 7.0 Hz, 3H), 090 (d, 3J� 7.0 Hz,
3H); 13C NMR (100.6 MHz, CDCl3): �� 138.2, 116.0, 73.4, 39.8, 38.2, 35.5,
31.6, 19.9, 18.7, 17.9, 10.5.


The title product 10e was then prepared from the crude intermediate
alcohol (213 mg, 1.25 mmol, d.r.: �98/2) in 72% yield (266 mg, 0.90 mmol)
as a colorless oil; d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 3.37 (m,
1H), 3.19 (dd, 3J� 4.8 Hz, 2J� 7.3 Hz, 2H), 2.85 (dd, 3J(ax-eq)� 2.0 Hz,
3J� 9.8 Hz, 1H), 1.85 ± 1.60 (m, 4H), 1.52 (dt, 3J(ax-eq)� 3.0, 2J� 13.0 Hz,
1H), 1.06 (d, 3J� 6.4 Hz, 3H), 0.95 (d, 3J� 7.0 Hz, 3H), 0.83 (d, 3J� 6.8 Hz,
3H), 0.74 (d, 3J� 7.0 Hz, 3H); 13C NMR (100.6 MHz, CDCl3): �� 88.5,
78.1, 34.9, 34.8, 34.2, 30.0, 20.8, 19.7, 18.5, 10.1, 5.6; IR (film, KBr): �� � 2950,
2880, 1440 cm�1; elemental analysis calcd (%) for C11H21IO (296.19): C
44.61, H 7.15; found: C 44.57, 7.21.


(2S*,4S*,5R*,6S*)-6-Butyl-4,5-dimethyl-2-iodomethyltetrahydropyran
(10 fx): The intermediate alcohol was prepared from methoxymethyl ether
8 fx (164 mg, 0.72 mmol) in 93% yield (124 mg, 0.67 mmol) as a colorless
oil, d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 5.78 (m, 1H), 5.01 (m,
2H), 3.46 (m, 1H), 1.99 (m, 3H), 1.60 ± 1.25 (m, 7H) 0.93 (t, 3J� 6.9 Hz,
3H), 0.82 (d, 3J� 6.3 Hz, 3H), 0.75 (d, 3J� 7.0 Hz, 3H); 13C NMR
(100.6 MHz, CDCl3): �� 138.4, 115.9, 74.1, 42.3, 40.5, 34.7, 32.5, 28.2,
23.2, 14.5, 14.2, 10.4.


The title products 10 fx were then prepared from the above crude
intermediate alcohol (124 mg, 0.67 mmol, d.r.: �98/2) in 82% yield
(169 mg, 0.55 mmol) as a colorless oil; mixture of two diastereomers which
could be separated by chromatography, d.r.: 60/40. For the major product:
1H NMR (400 MHz, CDCl3): �� 3.40 (ddt, 3J(ax-eq)� 1.8 Hz, 3J� 6.2 Hz,
3J(ax-ax)� 10.0 Hz, 1H), 3.17 (d, 3J� 6.3 Hz, 2H), 2.96 (dt, 3J� 9.8 Hz,
3J(ax-ax)� 8.8 Hz, 1H), 1.83 (ddd, 3J(ax-eq)� 1.9 and 3.9 Hz, 2J� 12.8 Hz,
1H), 1.70 ± 1.25 (m, 8H), 0.99 (m, 1H), 0.96 (d, 3J� 6.5 Hz, 3H), 0.92 (t,
3J� 7.2 Hz, 3H), 0.85 (d, 3J� 6.4 Hz, 3H); 13C NMR (100.6 MHz, CDCl3):
�� 83.7, 76.9, 42.2, 40.6, 36.8, 33.2, 28.0, 23.0, 20.2, 14.5, 14.3, 10.2; IR (film,
KBr): �� � 2950, 2880, 1440 cm�1; for the minor product: 1H NMR
(400 MHz, CDCl3) �� 4.12 (m, 1H), 3.42 (ABX system, 3J� 6.8 and
8.6 Hz, 2J� 10.2 Hz, 1H), 3.12 (m, 1H), 1.83 (ddd, 3J(ax-eq)� 1.4 and
4.0 Hz, 2J� 13.7 Hz, 1H), 1.64 (m, 1H), 1.53 (m, 1H), 1.45 ± 1.20 (m, 8H),
0.94 (d, 3J� 6.4 Hz, 3H), 0.91 (t, 3J� 7.0 Hz, 3H), 0.86 (d, 3J� 6.4 Hz, 3H);
13C NMR (100.6 MHz, CDCl3): �� 74.7, 73.3, 42.5, 36.3, 33.5, 31.2, 28.1,
23.3, 20.4, 14.8, 14.5, 7.7; IR (film, KBr): �� � 2950, 2920, 2880, 1440 cm�1;
elemental analysis calcd (%) for C12H23IO (310.21): C 46.46, H 7.47; found:
C 46.34, 7.56.


(2S*,3R*,4R*,5R*,6S*)-6-Butyl-2-iodomethyl-3,4,5-trimethyltetrahydro-
pyran (10 fy): The intermediate alcohol was prepared from methoxymethyl
ether 8 fy (317 mg, 1.31 mmol, d.r.: � 68/32) in 95% yield (246 mg,
1.24 mmol) as a colorless oil, d.r.:� 68/32. 1H NMR (400 MHz, CDCl3):
�� 5.70 (m, 1H), 4.96 (m, 2H), 3.47 (m, 1H), 2.05 (m, 1H), 1.70 ± 1.25 (m,
8H), 1.01 (d, 3J� 6.1 Hz, 3H min), 0.99 (d, 3J� 6.5 Hz, 3H maj), 0.93 (m,
3H), 0.82 (d, 3J� 6.9 Hz, 3H min), 0.79 (d, 3J� 6.8 Hz, 3H maj), 0.75 (d,
3J� 6.8 Hz, 3H maj), 0.72 (d, 3J� 6.8 Hz, 3H min); 13C NMR (100 MHz,
CDCl3): �� 144.9(min), 144.4 (maj), 113.7 (maj), 113.6 (min), 74.3 (maj),
74.2 (min), 42.2, 39.9, 37.3, 34.6, 28.3, 23.2, 19.1, 14.5, 12.3, 10.7.


From the above crude intermediate alcohol (246 mg, 1.24 mmol), a mixture
of three diastereomers was obtained. The major one 10 fy could then be
purified by chromatography in 60% yield (242 mg, 0.75 mmol) as a pale
orange oil; d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 3.60 (dt, 3J(ax-
eq)� 2.0 Hz, 3J� 6.2 Hz, 1H), 3.18 (ABX system, 3J� 6.2 and 8.0 Hz, 2J�
10.0 Hz, 2H), 2.92 (dt, 3J(ax-eq)� 2.4 Hz, 3J (ax-ax)� 9.0 Hz, 1H), 1.82
(ddq, 3J(ax-eq)� 2.0 and 4.0 Hz, 3J� 6.6 Hz, 1H), 1.75 (m, 8H), 0.95 (d,
3J� 6.6 Hz, 3H), 0.92 (t, 3J� 7.1 Hz, 3H), 0.80 (d, 3J� 6.6 Hz, 3H), 0.75 (d,
3J� 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): �� 84.4, 81.6, 41.3, 37.8,
36.4, 33.3, 28.2, 23.1, 17.9, 14.7, 14.6, 7.8, 5.8; IR (film, KBr): �� � 2940, 2920,
2880, 1445 cm�1; elemental analysis calcd (%) for C13H25IO (324.24): C
48.16, H 7.77; found: C 48.05, 7.83.
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(2S*,4S*,4aR*,8aS*)-2-Iodomethyl-4-methyloctahydrochromene (10g):
The intermediate alcohol was prepared from methoxymethyl ether 8g
(242 mg, 1.14 mmol) in 96% yield (184 mg, 1.10 mmol) as a colorless oil,
d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 5.82 (m, 1H), 5.02 (m, 2H),
3.48 (m, 1H), 2.19 (m, 1H), 1.98 (m, 2H), 1.91 (br s, 1H), 1.65 (m, 4H), 1.25
(m, 4H), 0.95 (m, 1H), 0.93 (d, 3J� 7.1 Hz, 3H); 13C NMR (100.6 MHz,
CDCl3): �� 139.2, 115.5, 71.8, 50.8, 36.7, 36.6, 32.2, 26.2, 25.5, 25.3, 17.9.


The title product 10gwas then prepared from the above crude intermediate
alcohol (86 mg, 0.51 mmol, d.r.: �98/2) in 59% yield (91 mg, 0.30 mmol) as
a colorless oil, d.r.: �98/2. 1H NMR (400 MHz, CDCl3): �� 3.61 (m, 1H),
3.34 (m, 1H), 3.15 (ABX system, 3J� 1.9 Hz, 2J� 12.6 Hz, 2H), 1.95 (m,
2H), 1.70 (m, 4H), 1.60 ± 1.15 (m, 6H), 0.89 (d, 3J� 7.4 Hz, 3H); 13C NMR
(100.6 MHz, CDCl3): �� 75.3, 71.7, 44.7, 39.8, 33.2, 30.6, 29.0, 26.4, 25.3,
13.8, 10.9; IR (film, KBr): �� � 2940, 2880, 1440 cm�1; elemental analysis
calcd (%)for C11H19IO (294.17): C 44.91, H 6.51; found: C 44.87, 6.65.
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Triarylpyridinium-Functionalized Terpyridyl Ligand for Photosensitized
Supramolecular Architectures: Intercomponent Coupling and Photoinduced
Processes**


Philippe Laine¬,*[a] Fethi Bedioui,[b] Edmond Amouyal,[a] Vale¬rie Albin,[b] and
Florence Berruyer-Penaud[a]


Abstract: The electronic (absorption
spectra) and electrochemical properties
of a novel series of triphenylpyridinium
(H3TP��A) electron-acceptor-based
polyad species have been correlated
with their steady-state (emission spec-
tra) and time-resolved (ns and ps laser
flash photolysis) photophysical behavior
(at both 293 and 77 K). These d6 tran-
sition metal complexes (M�RuII, OsII)
of 2,2�:6�,2��-terpyridines (tpy) are denot-
ed as P0 and P1, depending on whether
they incorporate H3TP�-tpy or H3TP�-
ptpy ligands (ptpy� 4�-phenyl-substitut-
ed tpy), respectively. For the P0/Ru-
based compounds, the luminescence
quantum yield and excited-state lifetime
of the ™{Ru(tpy)2}2�∫ chromophore have
been found to be considerably enhanced
at 293 K (e.g., �� 0.56 ns for isolated P0/
Ru in acetonitrile vs �� 55 and 27 ns for
P0/Ru within P0A/Ru and P0A2/Ru
(A� electron acceptor), respectively).
In spite of the lack of conjugation
between P0 and A, this behavior has


been ascribed to a through-bond medi-
ated electronic substituent effect origi-
nating from the directly connected
H3TP� electron-withdrawing group. For
the P1-based compounds, the possibility
of photoinduced electron-transfer
(PET) processes with the formation of
charge-separated (CS) states is dis-
cussed, and the main results may be
summarized as follows: 1) when in-
volved, the electron-donor D (D�
Me2N of Me2N-ptpy) is strongly elec-
tronically coupled to P1 but cannot
facilitate a reductive quenching of *P1
to give the *[D� ± P1�]-type of CS state
for thermodynamic reasons, irrespective
of whether M is RuII or OsII; 2) the P1
and A components have been shown to
be very weakly electronically coupled;


3) at 293 K, P1/Ru- and P1/Os-based
polyad systems display distinct photo-
physical behavior with respect to A, with
only the latter exhibiting a noticeable
quenching of luminescence (up to 50%
for P1A/Os with respect to P1/Os);
4) for assemblies made up of P1/Os
and A components only, comparison
between their room-temperature (RT)
and low-temperature (LT; 77 K, frozen
matrix) photophysical properties, to-
gether with information gleaned from
combined transient absorption experi-
ments and spectroelectrochemical stud-
ies of P1/Os and P1A/Os, further sup-
ported by thermodynamic considera-
tions, allowed us to conclude that a
PET process does take place within the
P1A/Os dyad leading to the *[P1� ±A�]
CS state. For the DP1A/Os triad, the
formation of such a CS state followed by
an enhanced electron-releasing induc-
tive effect from D is postulated.


Keywords: donor ± acceptor systems
¥ electrochemistry ¥ electron
transfer ¥ luminescence ¥
supramolecular chemistry


Introduction


The field of supramolecular chemistry[1] provides a conceptual
framework for research devoted to the mimicry or modeling


of subtle and complicated chemical processes.[2] Such studies
include those related to the elucidation of the mode of action
of the natural photosynthetic reaction center[3] and those
concerned with the handling and storage of information at
the molecular level.[4] These two fascinating areas have
experienced many outstanding advances over the years, from
which a number of pertinent issues have arisen that may be
usefully applied to monitor photoinduced intramolecular
electron transfers,[5, 6] among other possible effects or func-
tions.
Regarding artificial photosynthesis, a major goal is the


controlled formation of long-lived photoinduced charge-
separated states, which corresponds to the transient conver-
sion of light into an electrochemical potential that may be
used, under appropriate conditions, for energy storage or
electricity production.[7] Such a process may be achieved
within specially designed supramolecular architectures built-
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up of covalently linked electron-donating (D) and -accepting
(A) subunits together with a photosensitizing chromophore
(P).[5, 6a,c]


Within this framework, and in the course of our studies
focussed on the design of new building blocks of potential
interest for artificial photosynthesis and related research
fields such as molecular electronics, we have proposed and
synthesized[8, 9] a series of triarylpyridinium-derivatized ter-
pyridyl molecules, R12R2TP�-(p)ntpy, as a new class of
electron-acceptor-substituted ligands (A). When complexed
with the d6 transition-metal cations ruthenium(��) and osmiu-
m(��), the resulting polypyridyl chelates are intended to
simultaneously play three key roles: 1) as structural assem-
bling elements, 2) as efficient photosensitizers (P), and 3) as
primary light-triggered electron donors within the generated
multicomponent arrays (polyad systems). All complexes
prepared to date[9] with the first members of the new family
of ligands (R1�R2�H and n� 0, 1), with or without a p-N,N-
dimethylamino-phenylterpy moiety as an electron-donating
ligand (D), are depicted here, along with their abbreviations
nomenclature.
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N


N


N
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R1


Y


N


N


N


X


N


N
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R1 = R2 = H
R1


2R2TP+ = H3TP+ = A


The salient features of these compounds are that they
combine a well-defined topology (rigid structure) and a
marked chemical flexibility (R1 and R2), allowing both a fine
tuning of the properties of the electron-acceptor fragment and
possible expansion of the supramolecular architectures (redox
cascades, branched molecules).[8, 9]


To obtain further insight into the expected correlation
between some of the intramolecular geometrical parameters
and the photophysical behavior of the polyad systems
reported herein, a detailed structural study was carried
out.[9] It was shown that the actual conformation of the
acceptor moieties (A) with respect to the connected photo-
sensitizers (P), both in the solid-state (X-ray analysis) and in
solution (NMR experiments), is such that there is almost no
conjugation between these two components (see Figure 1),
irrespective of whether P is P0 or P1.[9]


Figure 1. Pictorial representation of the ™geometrical decoupling∫ (��
80 ± 90�) between the photosensitizer and the acceptor components in the
representative case of the P0A/Ru dyad (X-ray structure).[9]


This finding is crucial with regard to the nature and strength
of the intercomponent electronic coupling within the polyad
systems. This parameter is itself of great importance within
the framework of the criteria that govern the formation of the
targeted long-lived, charge-separated states, which are also
those of supramolecular photochemistry.[4, 5, 6a,c] Therefore,
beyond the thermodynamic and kinetic considerations, we
specifically address this aspect in this paper. For a deeper
understanding of the investigated photophysical behavior of
these new photoactive supramolecular species, electrochem-
ical and spectroelectrochemical experiments have been
performed. These interrelated and complementary studies
have allowed a rational explanation of the interesting photo-
induced processes observed for this series of new compounds.


Results


Electrochemical properties : The electrochemical properties
of organic model donor, acceptor, and associated ligands are
gathered in Table 1. Salient electrochemical results for
relevant reference compounds and polyad systems are
collected in Table 2.


Ligands : Figure 2 shows cyclic voltammograms of H3TP�-p
and its derivatives in acetonitrile that contains 0.1� TBABF4
at a platinum disk electrode.
From the survey of the electrochemical data recapitulated


in Table 1, it appears that:
1) The first and second reduction potentials of the H3TP�


systems are shifted towards less negative values on going
from the model acceptor N-phenyl-2,4,6-triphenylpyridi-
nium (H3TP�-p) to the tpy ligands, namely H3TP�-ptpy
and H3TP�-tpy. Concomitantly, both electrochemical sys-
tems (single-electron processes) are seen to progressively
merge together (�E1/2� 160 and 105 mV for H3TP�-p and
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H3TP�-ptpy, respectively) to give a single two-electron
process for H3TP�-tpy. As expected, the redox properties
of the pyridinium moiety are influenced by its peripheral
substituents.[10, 11] This sensitivity clearly shows that the N-
substituents such as pyridine (from tpy) and phenyl (from
the spacer) can also be considered as a means of tuning the
properties of the pyridinium ring.


2) A reversible electrochemical oxidation process is observed
at �0.90 V for the model acceptor H3TP�-p and at
�0.94 V for the associated phenylterpy derivative
(H3TP�-ptpy), but is not seen for H3TP�-tpy nor for the
complexes. In view of the fact that the first reduction


Table 1. Electrochemical potentials of the organic ligands in acetonitrile � 0.1� TBABF4 at a platinum electrode.[a]


Me2N-p Me2N-ptpy H3TP�-p H3TP�-ptpy H3TP�-tpy
D�/0 (� Dim.) D2�/� D�/0 H3TP3�/2� H3TP2�/� H3TP�/0 H3TP0/� H3TP2�/� H3TP�/0 H3TP0/� H3TP�/�


Epa � 0.80 � 1.17 � 0.93 � 1.24 � 1.05 � 0.93 � 1.08 � 1.02 � 0.92 � 1.02 � 0.85
Epc � 0.57/� 0.44 � 1.10 � 0.91 � 1.00 � 0.75 � 1.01 � 1.17 � 0.86 � 0.98 � 1.09 � 0.93
E1/2 nd � 1.13 � 0.92 � 1.12 � 0.90 � 0.97 � 1.13 � 0.94 � 0.95 � 1.05 � 0.89
n (rev) nd (irr) nd (irr) 1 (rev) nd (irr) 1 (rev) 1 (rev) 1 (rev) 1 (rev) 1 (rev) 1 (rev) 2 (rev)


[a] Epa and Epc : anodic and cathodic peak potentials (vs SCE) measured by cyclic voltammetry at 0.2 Vs�1; E1/2/V (vs SCE) is calculated as (Epa � Epc)/2; n is
the number of electron involved in the electrochemical process; nd: not determined; rev: chemically reversible process; irr: chemically irreversible process.


Table 2. Electrochemical data of the examined complexes in acetonitrile � 0.1� TBABF4 at Pt electrode.[a]


MIII/II D�/0 H3TP�/0


Entry E1/2 n k� E1/2 n k� E1/2 n k�


1 P0/Ru � 1.31 1 4� 10�3 ± ± ± ± ± ±
2 P0A/Ru � 1.44 1 7.8� 10�3 ± ± ± � 0.77[b] [b] ±
3 P0A2/Ru �� 1.6 nd nd ± ± ± � 0.78[b] [b] ±
4 P1/Ru � 1.24 1 4� 10�2 ± ± ± ± ± ±
5 P1A/Ru � 1.27 1 7.9� 10�3 ± ± ± � 0.90 1 nd
6 P1A2/Ru � 1.29 1 5.1� 10�3 ± ± ± � 0.91 [c] nd
7 DP1/Ru � 1.29 � 1 nd � 0.93 1 1.7� 10�2 ± ± ±
8 D2P1/Ru � 1.37 � 1 nd � 0.90 2 6.1� 10�3 ± ± ±
9 DP1A/Ru � 1.29 1 2.6� 10�3 nd nd nd � 0.91 [d] nd
10 P1/Os � 0.90 1 5.1� 10�2 ± ± ± ± ± ±
11 P1A/Os � 0.93 1 1.7� 10�2 ± ± ± � 0.91 [d] nd
12 P1A2/Os � 0.96 1 1.1� 10�2 ± ± ± � 0.92 [c] nd
13 DP1/Os � 0.82 1 � 1 � 1.05 1 3.8� 10�2 ± ± ±
14 D2P1/Os � 0.77 1 4.2� 10�2 � 0.96 1 � 1 ± ± ±


� 1.12 1 1.3� 10�2
15 DP1A/Os � 0.83 1 11� 10�2 � 1.01 1 nd � 0.93 [d] nd


H3TP0/� P0/� P�/2�


Entry E1/2 n k� E1/2 n k� E1/2 n k�


1 P0/Ru ± ± ± � 1.23 1 nd � 1.48 1 nd
2 P0A/Ru � 0.77[b] [b] nd � 1.34 1 7.7� 10�3 nd nd nd
3 P0A2/Ru � 0.78[b] [b] nd nd nd nd nd nd nd
4 P1/Ru ± ± ± � 1.24 1 2� 10�2 � 1.47 1 1.4� 10�2
5 P1A/Ru � 1.00 1 nd � 1.25 1 9.2� 10�3 � 1.50 1 7.9� 10�3
6 P1A2/Ru � 0.98 [c] nd � 1.31 1 4.7� 10�3 � 1.54 1 3.0� 10�3
7 DP1/Ru ± ± ± � 1.24 1 1.3� 10�2 � 1.48 1 3.5� 10�3
8 D2P1/Ru ± ± ± � 1.29 1 8.5� 10�3 � 1.50 1 5.7� 10�3
9 DP1A/Ru � 0.99 [d] nd � 1.24 1 6.5� 10�3 � 1.51[e] 1 nd
10 P1/Os ± ± ± � 1.20 1 3.1� 10�2 � 1.47 1 2.4� 10�2
11 P1A/Os � 1.00 [d] nd � 1.21 1 1.7� 10�2 � 1.47 1 9.8� 10�3
12 P1A2/Os � 0.99 [c] nd � 1.25 1 1.2� 10�2 � 1.52 1 2.2� 10�2
13 DP1/Os ± ± ± � 1.22 1 2.3� 10�2 � 1.48 1 7.6� 10�3
14 D2P1/Os ± ± ± � 1.24 1 2� 10�2 � 1.50 1 7.9� 10�3
15 DP1A/Os � 1.02 [d] nd � 1.23 1 4.7� 10�2 � 1.49 1 1.9� 10�2


[a] E1/2 [V] (vs SCE) is calculated as (Epa � Epc)/2, in which Epa and Epc are the anodic and cathodic peak potentials, respectively, measured by cyclic
voltammetry at 0.2 Vs�1; n is the number of electrons involved in the redox process determined by hydrodynamic voltammetry by comparison with reference
components; k� [cms�1] is the standard rate constant for an electron-transfer reaction; ±: not present in the complex; nd: not determined. [b] H3TP�/0 cathodic
wave merges with H3TP0/� (one 1�1 or 2�2 electron unresolved wave). [c] H3TP�/0 cathodic wave merges with H3TP0/� (one 2�2 electron partially resolved
wave). [d] H3TP�/0 cathodic wave merges with H3TP0/� (one bielectronic partially resolved wave). [e] E1/2 determined by hydrodynamic voltammetry.


Figure 2. Cyclic voltammograms for a) H3TP�-p (c� 4.7� 10�4�),
b) H3TP�-ptpy (c� 5.1� 10�4�), and c) H3TP�-tpy (c� 3.5� 10�4�) in
CH3CN � 0.1� TBABF4 (Pt electrode, v� 200 mVs�1).
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potential of H3TP� within H3TP�-tpy is very close to that
of the acceptor moiety in H3TP�-ptpy complexes with RuII


and OsII (Table 2), it is not surprising that the organic
dication is not formed within these complexes in the
investigated potential range. The reason is that the
coordinative bonding of the covalently linked tpy to the
transition metal ion shifts its oxidation potential towards
higher energy, in the same manner as the direct replace-
ment of an N-phenyl group by a pyridine moiety increases
the oxidation potential of the pyridinium.


3) In the case of H3TP�-p, an additional irreversible oxidation
process is observed at �1.12 V. These oxidation processes
may be related to the formation of a radical dication and
trication for H3TP�-p, as previously suggested for pyr-
ylium[12] and diazobenzoperylene moieties.[13]


4) Regarding the p-amino-derivatized species, an irreversible
anodic process is observed for the N,N-dimethylaniline
model donor at �0.8 V, while a reversible oxidation
reaction is observed for the associated ligand at �0.92 V.
In the latter case, the attached tpy groups prevent theN,N-
dimethylanilino radical cation from undergoing the well-
known para-oriented homocoupling (dimerization) that
takes place in the case of the N,N-dimethylaniline com-
pound.[14] The reversibility of the first oxidation reaction
(radical monocation formation) of the amino derivative is
then restored. The radical dication can also be obtained at
higher potentials, although it is not stable.


Complexes : On the basis of the electrochemical data collected
for organic reference species and ligands (Table 1), the main
electrochemical features of the related coordination com-
pounds (Table 2) can be straightforwardly assigned by anal-
ogy. A general trend is the sizable electrochemical perturba-
tion within the polyad systems of both the organic and metal-
based subunits with respect to their isolated parent species.
When complexed, acceptor ligands are easier to reduce, while
donor ligands are more difficult to oxidize. Accordingly, the
metal-centered redox potentials, especially for the oxidation
process, are sensitive to whether the tpy ligand bears a
stabilizing electron-releasing or a destabilizing electron-with-
drawing group. However, some differences in behavior exist
between the various systems examined; these are reminiscent
of some more basic features regarding intercomponent
electronic coupling.[6a,c] A thorough analysis of the electro-
chemical results is thus required. To illustrate the electro-
chemical behavior of the investigated polyads, Figures 3 ± 6
show typical cyclic voltammograms of selected dyads and
triads in acetonitrile solution.


P0 A, P1 A, P0 A2, and P1 A2 reference dyads and triads : The
redox processes related to the metal-centered P0 and P1-
based polyad systems show differences due to the presence of
the H3TP� acceptor group. Within the P0 series, attachment of
this acceptor results in a dramatic incremental anodic shift of
the RuII/III potential of about �140 mV per additional H3TP�


unit (Table 2, entries 1 ± 3). This value drops to �30 mV
within the P1 family, irrespective of whether M is Ru or Os
(Table 2, entries 4 ± 6 and 10 ± 12). The effect of the presence
of the acceptor group is also manifested in a decrease in the


standard rate constant k� of the MII/III electron-transfer
process (Table 2, entries 4 ± 6 and 10 ± 12). This phenomenon
can be rationalized in terms of a strengthening of the acceptor
moiety in the P0 series (vs. P1) and can be viewed as further
evidence of the above mentioned tuning effect of the electro-
chemical properties of H3TP� from those observed for the
free ligands. Indeed, a combined anodic shift and merging of
the pyridinium first and second reduction processes is clearly
evident on comparing the data for the homoleptic ruthenium
complex P1A2/Ru with those for P0A2/Ru (Table 2, entries 3
and 6).
With regarding to the P0-based compounds, the strong


interaction between the acceptor group and the photosensi-
tizer also becomes apparent when considering the first (P0/�)
and second (P�/2�) reduction processes related to the tpy
ligands (Figure 3).


Figure 3. Cyclic voltammograms for a) P0/Ru (c� 2.6� 10�4�), b) P0A/
Ru: (c� 2.65� 10�4�), and c) P0A2/Os (c� 2.5� 10�4�) in CH3CN� 0.1�
TBABF4 (Pt electrode, v� 200 mVs�1).


In the case of the heteroleptic P0A/Ru complex, once the
acceptor has been reduced, the electron density located in
direct proximity to the chromophore is so high that the
reduction of tpy ligands, which corresponds to the addition of
a third or even a fourth electron to the complex, is disfavored
and cannot be fully achieved in the examined potential range
(up to �1.6 V). With respect to the homoleptic P0A2/Ru
complex, the effect of the primary reduction processes of both
acceptor groups (four-electron process) on those of P0 is more
dramatic, such that P0 cannot be subsequently reduced
(Table 2, entries 1 ± 3). The presence of the acceptor group
is also manifested in a decrease in the standard rate constants
k� of the P0/� and P�/2� electron-transfer processes (Table 2,
entries 4 ± 6 and 10 ± 12).
Finally, it is worth noting that, in contrast to what is seen for


the P0/Ru series, the reduction processes of the complex
photosensitizer are achieved for both the P1/Os and P1/Ru
analogues, as is clearly illustrated in Figure 4.
In conclusion, it can be stated that the observed differences


in the oxidation and reduction behavior of the P0- and P1-
based acceptor polyad systems indicate that these compounds
belong to different categories from the point of view of the
definition of supramolecular (photo)chemistry.[4, 5, 6a,c]
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Figure 4. Cyclic voltammograms for a) P1A/Ru (c� 2.4� 10�4�, v�
200 mVs�1), b) P1A/Os (c� 2.4� 10�4�, v� 300 mVs�1), and c) P1A2/Os
(c� 2.25� 10�4�, v� 300 mVs�1) in CH3CN � 0.1� TBABF4 (Pt elec-
trode).


DP1 and D2P1 reference dyads and triads : In contrast to the
H3TP� derivatives of the P1 family, donor-bearing complexes
exhibit strong modifications of their electrochemical proper-
ties as compared to those of the parent species.
For the RuII series, the redox potentials related to the


metal-centered oxidation are rather close to that of the
irreversible second oxidation process of the dimethylamino
group in the Me2N-ptpy parent species (�1.13 V, Table 1).
Thus, this latter oxidation process cannot be observed in the
polyad systems. This perturbation was also evident from the
shapes of both the cyclic and hydrodynamic voltammograms,
which showed more than one electron to be involved in the
RuII�RuIII oxidation process of the DP1/Ru and D2P1/Ru
species, in contrast to the oxidation of the P1/Ru complex.
Such behavior is indicative of an electrocatalyzed reaction at
the potential of the metal-centered oxidation process.[15]


In the case of the osmium compounds, several particular
features have been observed:
First, it appears that, similarly to what was seen with the


ruthenium analogues, for the second irreversible oxidation of
D, the metal-centered oxidation process of P1/Os and the first
reversible oxidation process of Me2N- (in Me2N-ptpy) occur
at very close potentials: �0.90 V and �0.92 V, respectively.
Thus, in the case of the DP1/Os complex, the redox process at
�0.82 V is related to the one-electron metal-centered oxida-
tion reaction, which is made easier by the presence of the
electron-rich and conjugated dimethylamino group; the dis-
placement is about �80 mV relative to that of the parent P1/
Os. The second process at �1.05 V is consequently related to
the amino-centered oxidation, the potential being shifted to a
more positive value (by about �135 mV) relative to that of
the first oxidation process of Me2N-ptpy. This is due to the fact
that both its complexation with the transition metal cation and
the primary oxidation of the latter reduce the electron density
of the donor subunit such that it becomes more difficult to
oxidize. Note that the presence of D also leads to an increase
in the standard rate constant k� of the OsII/III electron-transfer
process when P1/Os is compared to DP1/Os (Table 2,
entries 10 and 13).
Second, a splitting of the donor-centered redox processes


within the homoleptic D2P1/Os complex is observed (Figure 5


Figure 5. Cyclic voltammograms for a) D2P1/Os (c� 1.7� 10�4�) and
b) D2P1/Ru (c� 4.3� 10�4�) in CH3CN � 0.1� TBABF4 (Pt electrode,
v� 200 mVs�1).


and Table 2: entries 10, 13, and 14). This suggests that the
three components of the complex behave as strongly elec-
tronically and electrostatically coupled elements. The oxida-
tion process occurring at the less positive potential (�0.77 V)
is related to the metal-centered one. Its potential value
corresponds to a stabilization energy of OsIII of �0.13 eV as
compared to that of the parent compound P1/Os (and of
�0.05 eV compared to DP1/Os). The two other distinct higher
potential processes, occurring at �0.96 V and �1.12 V, are
related to the two nonequivalent electron-releasing D sub-
stituents. Note that the average value of these two D-centered
oxidation potentials (�1.04 V) is very close to that of the
oxidation potential related to D within the DP1/Os dyad
(�1.05 V). The unexpected loss of degeneracy of the two
chemically identical donor moieties originates from their
strong interaction, even though they are not directly con-
nected. Hence, it seems that the transition metal cation plays
the role of a relay or coupling element. The initial formal
oxidation of one of the two donors destabilizes the other
D-redox center, in the same way as strongly coupled
components would be in a mixed-valence species.[16]


Finally, by comparing the electrochemical behavior of
D2P1/Os with that of D2P1/Ru (Figure 5), it appears that no
splitting of the oxidation wave related to D0/� is observed in
the case of the ruthenium complex: both donor substituents
are oxidized at the same potential in one two-electron process
at �0.90 V, as predicted for independent and identical redox
couples. Indeed, the RuII/III redox process occurs at signifi-
cantly higher potential than that of D0/�, and thus RuIII cannot
act as a relay. Nevertheless, the ruthenium-based photo-
sensitizer was expected to exhibit some modification of its
oxidation potential due to the presence of the conjugated
electron-releasing groups, similar to that detected for the
osmium series. For the reasons outlined at the beginning of
this section, that is, intermingled redox processes occurring at
the D�/2� and RuII/III potentials, this was not actually the case.


DP1 A triads : As is apparent from a careful inspection of the
data in Table 2, and as depicted in Figure 6, the electro-
chemical behavior of the DP1A/Os triad system can best be
viewed as a superposition of the behavior of the model dyads
described above rather than as simply the sum of those of the
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Figure 6. Cyclic voltammogram for DP1A/Os (c� 2.55� 10�4�) in
CH3CN � 0.1� TBABF4 (Pt electrode, v� 400 mVs�1).


various individual model components D, P1, and A. More
precisely, these findings suggest that the electrochemical
features of DP1A triads are those of the corresponding donor
dyads DP1 plus that of A (A being very weakly coupled with
P1 within P1A). The DP1A/Ru triad shows similar behavior.


Spectroelectrochemical properties : To further identify the
characteristic signatures of the activated species generated in
the excited state, and especially that of the reduced acceptor
[A]� resulting from photoinduced intramolecular electron
transfer, selected ground-state absorption spectra of both the
reduced H3TP� and P1/Os entities, as well as that of the
acceptor dyad P1A/Os, were recorded. These spectroelec-
trochemistry experiments were performed at controlled
potentials in acetonitrile that contained 0.1� TBABF4.
Among the three triphenylpyridinium-derivatized organic


molecules at our disposal, only the model acceptor H3TP�-p
exhibits two well-separated single-electron waves (see Fig-
ure 2) that allow the reduction process to be finely monitored.
The one-electron reduction of the model acceptor at �1 V
allows the spectrum of H3TP0 to be recorded, which features
one broad absorption band at 503 nm (Table 3).


Controlled reduction of the model photosensitizer P1/Os at
�1.2 V results in a clean one-electron reduction process,
which was followed by recording the UV/Vis absorption
spectra shown in Figure 7. These spectra exhibit three
isobestic points at around 340, 640, and 680 nm. The relative
abundance, �, of the two species [P1/Os] and [P1/Os]� can
therefore be calculated using Equation (1), with �� [P1/Os]�/
[P1/Os], n� 1, and �E� (Eapplied�E1/2[P1/Os]0/�):


RTln�� nF�E (1)


Figure 7. Spectral changes observed during the reduction of P1/Os at
�1.2 V in CH3CN (0.1� TBABF4). *: isobestic point.


The electronic spectrum of the reduced [P1/Os]� chromo-
phore could then be determined (Table 3). In the case of the
acceptor unit involved in the acceptor-based dyad, the mono-
reduced species cannot be obtained in pure form owing to its
intrinsic electrochemical properties (almost merged waves for
the two monoelectronic reductions of the acceptor moiety).
Indeed, the spectra obtained in the course of electrochemical
reduction of the acceptor dyad P1A/Os at �1.0 V (Figure 8)
show complicated features. By comparison with the spectra of


Figure 8. Spectral changes observed during the reduction of P1A/Os at
�1 V in CH3CN (0.1� TBABF4). 1) Before the electrolysis. 2) End of the
electrolysis. S) Selected intermediate absorption spectrum.


the reduced P1/Os at �1.2 V (Figure 7), the electronic
features of the reduced dyad exhibit some intriguing similar-
ities. Specifically, a pronounced increase in the absorption at
around 400 nm and in the NIR region (beyond 700 nm) is
observed, since the reduction of the inorganic core is not
expected to occur at �1 V. One should also note the evident
broadening that accompanies the apparent enhancement of
the absorption band originally situated at 491 nm (which is
concomitantly red-shifted by about 10 nm) and the absence of
the previously observed isobestic points. These two features
clearly indicate that the reduction of P1A/Os at �1 V
involves at least three different absorbing species, one of
which is the previously characterized [P1/Os]� chromophore.
As has been reported previously,[9] the electronic features of


P1/Os (1MLCT and 3MLCT transitions) are largely indepen-


Table 3. Summary of absorption maxima of reduced and oxidized key
species.


�max [nm] (� [104��1 cm�1])


[(Me-ptpy)OsII(ptpy-Me�)]� 406 505 600 760
H3TP0-p 503 (0.57)
H3TP0 within [P1A/Os]� 360 522
[(Me-ptpy)2OsIII]3� [a] 407 (2.27) 523 (0.545) 618 (0.395)


[a] Ref. [17].
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dent of whether the photosensitizer is isolated or belongs to
an acceptor dyad or triad (i.e., whether it is linked to one or
two H3TP� UV-absorbing subunits). Thus, on the basis of the
absorption in the visible region, one can reasonably state the
following formal equivalences for the chromophore species:
[P1A/Os]� [P1/Os] and [P1A/Os]�� [P1/Os] � [A]� . How-
ever, when the reduction is incomplete (spectrum S, Figure 8),
the solution formally contains only a mixture of P1A/Os and
[P1A/Os]� compounds. As is evident from Figure 8 and as
noted above, the electron added to the acceptor moiety [A]� is
partially delocalized over the photosensitizer, which allows
the formal existence of the [P1/Os]� chromophoric species.
The postulated equivalence concerning the reduced species
must then be corrected as follows: [P1A/Os]�� [P1/Os] �
[A]� � [P1/Os]� , and in this way the critical number of three
chromophores is reached. In view of the fact that chromo-
phoric components behave in an independent manner and
that the only absorbing species in the visible region are P1/Os,
[P1/Os]� , and [A]� , one can assume that the spectrum S is the
sum of the weighted absorption contributions of these three
chromophores. Moreover, the only absorbing species at
800 nm is the reduced [P1/Os]� chromophore within [P1A/
Os]� . Thus, it is possible to deduce the electronic features of
the reduced acceptor [A]� within the dyad, with the help of
the relationship that accounts for the conservation of P1/Os-
based entities. The relative contributions to spectrum S of the
identified chromophores are depicted in Figure 9, which
shows the extracted profile of [A]� within [P1A/Os]� .
Absorption maxima of these reduced species, together with
that of the chemically oxidized reference photosensitizer P1/
Os, are gathered in Table 3. Apart from that of [P1/Os]� , the
reported molar extinction coefficients of the reduced species
are only estimates and are given for illustrative purposes only.
It is noteworthy that the bathochromic shift (�E� 0.09 eV) of
the absorption band of H3TP0 on going from the isolated
model entity to the acceptor component embedded within the
corresponding dyad is consistent with their related electro-
chemical behavior (Tables 1 and 2). Thus, the first reduction


Figure 9. Weighted contributions of P1A/Os, [P1/Os]� , and [A]� chromo-
phore species to the absorption spectrum S.


potential of H3TP� is shifted from�0.97 V to the less negative
potential of �0.91 V, which corresponds to a stabilization
energy of about 0.06 eV.


Photophysical properties : Luminescence properties of the
RuII and OsII bis(terpyridyl) complexes offer a suitable means
of probing intramolecular processes such as photoinduced
electron-transfer (PET). Furthermore, comparison between
room- and low-temperature photophysical behavior helps in
distinguishing the various possible mechanisms that may
account for the observed photoinduced processes. The photo-
physical properties of the polyad species were therefore
determined at both 293 K and 77 K (frozen matrix). Data for
P0- and P1-based series of compounds, along with some
significant informative parameters, are collected in Tables 4
and 5.
Radiative, kr [Eq. (2)], and nonradiative, knr [Eq. (3)], rate


constants,[18, 19] as well as excited-state redox potentials


kr � �em/� (2)


knr � (1��em)/� (3)


Table 4. Photophysical data for P0-based compounds.


293 K[a] 77 K[b]


�max [nm] � [ns] �em kr [s�1] knr [s�1] �max [nm] � [�s] E(III/II*) [V] E(II*/I) [V]


P0/Ru 629[c] 0.56[d] � 5� 10�6 [c] � 8.9� 103 � 1.8� 109 598, 645sh 10.0 � 0.76 � 0.84
P0A/Ru 670 55 7.3� 10�4 1.3� 104 1.8� 107 636, 687sh 8.8 � 0.51 � 0.61
P0A2/Ru 644 27 3.9� 10�4 1.4� 104 3.7� 107 622, 672sh 10.6 nd nd


[a] In acetonitrile. [b] In butyronitrile; sh: shoulder. nd: not determined. [c] Ref. [21]. [d] Ref. [22].


Table 5. Photophysical data for P1-based compounds.


293 K[a] 77 K[b]


Ru-based Os-based Ru-based Os-based
� [ps] �max [nm] �em (�102) Iemrel [%] � [ns] �max [nm] � [�s] �max [nm] � [�s]


P1 580 734 2.00 100 247 627, 684sh 11.65 720, 790sh 3.05
P1A 740 750 1.02 50.9 168 632, 691sh 11.72 721, 790sh 2.7
P1A2 820 743 1.52 76.3 222 631, 690sh 12.14 722, 795sh 2.8
DP1 490 747 1.48 74.3 206 641, 696sh 14.19 728, 797sh 2.2
D2P1 460 753 1.61 80.5 212 650, 708sh 14.50 756 1.7
DP1A 510 764 0.24 12.1 57 640, 695sh 11.60 758 2.0


[a] In acetonitrile. [b] In butyronitrile. sh: shoulder.
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E(��� /��*) [Eq. (4)] and E(��*/�) [Eq. (5)],[18±20] have been
calculated according to the literature, assuming that the
quantum yield for the triplet state formation is unity, as is
usually the case for polypyridine complexes of RuII,[18] where
Eem(0-0) is Eem at 77 K.:


E(III/II*)�E1/2(MIII/II)�Eem(0-0) (4)


E(II*/I)�E1/2(P0/�) � Eem(0-0) (5)


Room-temperature luminescence properties : It is clear
from the obtained data that, in acetonitrile, the P0-based
compounds exhibit rather good luminescence properties with
easily measurable emission lifetimes of a few tens of nano-
seconds, whereas the isolated photosensitizer itself, P0/Ru,
does not emit (Table 4). Typical luminescence spectra of P0-
based polyad systems are shown in Figure 10.


Figure 10. Luminescence spectra (room temperature, isoabsorptive de-
oxygenated acetonitrile solutions at �exc.� 450 nm, uncorrected) of P0A/
Ru (dashed) and P0A2/Ru (solid). Inset: uncorrected luminescence spectra
in butyronitrile rigid matrix at 77 K of P0/Ru (dashed-dotted), P0A/Ru
(dashed), and P0A2/Ru (solid).


For the P1-based compounds, two trends are observed
depending on the nature of the transition metal cation
involved. For the ruthenium complexes, subnanosecond
phosphorescence lifetimes are enhanced by about 30 and
40% for P1A/Ru and P1A2/Ru, respectively, as compared to
that of the model photosensitizer, whereas the opposite trend
is observed for the donor-based polyads. For the osmium
complexes, which are strongly luminescent, all the examined
polyad systems exhibit an attenuation of their luminescence
properties relative to those of the reference photosensitizer,
irrespective of whether electron-withdrawing or -releasing
ligands are involved. These divergent general trends are in
fact typical of Ru and Os complexes.[6a,c] However, for the
osmium-based compounds, it is worth noting that donor-
group-bearing polyads (DP1/Os and D2P1/Os) that emit at the
same or lower energy than the acceptor dyad do exhibit longer
luminescence lifetimes. This indicates that the energy-gap law
does not fully account for the attenuation effect observed for
P1A/Os.


Low temperature emission properties : At low temperature (in
the rigid matrix of frozen butyronitrile), all the complexes are
strongly luminescent and show the classical blue shift of their


emission band maxima relative to that observed at room
temperature (fluid medium). However, some discrepancies
are observed depending on 1) the nature of the photosensi-
tizer, P0 or P1, and 2) whether P1 is linked to D and/or A in
the P1 series. Polyads composed only of P1 and A components
show photophysical features very similar to those of their
respective reference photosensitizers (P1/Ru and P1/Os). This
is no longer true for P0-based acceptor polyad systems or for
P1-based donor dyads and triads. Indeed, all of these exhibit
red-shifted emission bands and significantly modified lumi-
nescence lifetimes. Moreover, in the case of P1 and D being
connected, a further distinction has to be made between RuII


complexes, which display enhanced phosphorescence life-
times with respect to P1/Ru, and the OsII analogues, which
display shorter lifetimes than P1/Os. Nevertheless, despite the
difference in sensitivity of the photophysical properties of P1-
based complexes, depending on the nature of both their
covalently attached neighbors (D and/or A) and their
constituent transition-metal cation (Ru or Os), the lumines-
cence behavior of the entire P1-based series of polyads can be
rationalized in terms of the classical energy-gap law. This
correlation between the emission lifetime originating from the
lowest triplet excited state (3MLCT) of each complex at low
temperature and the energy of this latter emitting state at
77 K (Eem(0-0)) is illustrated in Figure 11.[23]


Figure 11. Correlation of ln(1/�) with 3MLCTemission energy Eem(0-0) for
the P1 series of complexes (slope��6.29, R� 0.98). RuII species (solid
squares), OsII complexes (solid circles).


It is also well known that a linear correlation can be
expected between the energy of the emission maximum (at
77 K) and the difference (�E1/2) between first oxidation and
reduction potentials of the complexes, E1/2(MIII/II) and
E1/2(P0/�), respectively. Once again, the points, particularly
those corresponding to the Ru series, are scattered, but a
linear correlation can be found for the whole Ru and Os series
of complexes of the P1 family, with a slope of 0.54 and an
intercept of 0.56 (correlation coefficient 0.967). This correla-
tion is very similar to that reported by Maestri et al.[21]


(slope� 0.64, intercept� 0.41) for the other series of RuII
tpy complexes bearing electron-accepting and -donating
substituents mentioned above.
From these results, it appears that the Ru series is more


sensitive to the substituents of the ligands than the Os series.
Such complications are generally ascribed[20a] to accessible
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low-lying dd states above the 3MLCT emitting level, which
greatly affect the photochemical stability and the MLCT
excited-state lifetime of the RuII complexes.


Excited-state absorption properties : Transient absorption
spectra were recorded at room temperature for the polyad
systems incorporating only the P1 chromophore. With the
exception of the P1A/Os complex, which was studied in
greater detail as it appeared to be the most likely to undergo
an intercomponent PET, the overall behavior of the two series
of compounds (Ru and Os) proved to be qualitatively very
similar to that of their related photosensitizer. The only
sizable perturbations were found to originate from substituent
effects when D was involved.
For comparison purposes, transient absorption spectra of


the reference photosensitizer P1/Os were recorded at differ-
ent times after the excitation pulse, under the same exper-
imental conditions as used for the acceptor dyad. Besides the
expected variations in the proportions of their different
features, which are reminiscent of the respective ground-state
electronic properties of P1/Os and P1A/Os, the transient
absorption difference spectra (Figure 12) clearly show the
following significant differences:
1) Of the strong positive absorption features located at
around 390 and 600 nm for the model photosensitizer
P1/Os, which are usually ascribed to the reduced ligand
[Me-ptpy]� ,[6c, 17] the latter (in the visible region) is clearly
diminished in the transient absorption difference spectrum
of P1A/Os, while the former (in the UV) corresponds to a
minimum.


2) In both cases, the expected pronounced bleaching band at
490 nm corresponding to the depopulation of the 1MLCT
ground state is observed, accompanied by the correlated
formation of the osmium-centered oxidized photosensi-


tizer, as manifested in the positive absorption at about
430 nm.[6c, 17] However, one may note the rather uneven yet
reproducible profile of the bleaching band of the acceptor
dyad, with a shoulder at lower energy (at about 510 nm),
compared to that of the isolated reference photosensitizer,
which is well-shaped and much more intense.


3) Concerning the CT states, one may also note that the
clearly detected bleaching in the 650 ± 680 nm region for
P1/Os, associated with the disappearance of the ground-
state 3MLCT band,[17] is observed with the same order of
magnitude for P1A/Os.


4) Regarding the features in the UV region of the spectra, a
positive absorption maximum that is not present in the
spectrum of P1/Os 20 ns after the laser excitation, is
detected at 360 nm for P1A/Os.


Discussion


Intercomponent coupling : The electrochemical properties of
the P1/A-based compounds parallel the previously reported
ground-state electronic behavior[9] in that they are found to be
scarcely perturbed with respect to those of the isolated parent
species. These features are of the same order of magnitude as
those measured for a P1 photosensitizer connected through a
saturated methylene spacer to a strong electron acceptor such
as methyl viologen, MV2� (these two components being
considered as not electronically coupled).[6a,c, 17, 24] On the
contrary, regarding the electrochemical behavior of com-
plexes with dimethylamino-modified ligands (P1/D family)
and with directly acceptor-substituted ligands (P0 series), both
donor-stabilized and acceptor-destabilized metal-centered ox-
idation potentials as well as noticeable perturbations of D/A
ligand-centered redox processes were evidenced, these also
being consistent with the previously reported ground-state
electronic properties.[9] In the present case, this expected
correlation[6a,c, 21] reflects significant intercomponent couplings.
Further insights into these electronic couplings could also


be gained from spectroelectrochemistry experiments. The
initial and principal aim of this study was to determine the
electronic signature of the reduced acceptor within the polyad
systems, to allow comparisons with the results obtained from
laser flash photolysis experiments, in particular transient
absorption spectroscopy. However, a prerequisite for the
spectroelectrochemistry to be meaningful is that only weakly
coupled chromophoric components are involved within the
investigated supramolecular assemblies, which is a priori the
case for P1A and P1A2 reference dyads and triads. Among
these polyads, the P1A/Os species was studied in greater
detail owing to its photophysical and thermodynamic features
(see below), these being compatible with the occurrence of
intramolecular PET leading to the target charge-separated
state (P1� ±A�). Assuming almost independent electrochem-
ical behavior of the electroactive subunits within the OsII


acceptor dyads P1A/Os, it was possible to calculate the
difference absorption spectrum of a partially reduced P1A/Os
solution (spectrum S in Figure 9), in other words, to subtract
the various identified contributions attributable to the iso-
lated reduced parent species. Indeed, and as expected, the


Figure 12. Comparative transient absorption difference spectra of P1/Os
and P1A/Os observed at 20 ns for isoabsorptive acetonitrile solutions at
�exc.� 308 nm (top), and transient absorption difference spectra of P1A/Os
at the times indicated following the 10 ns laser flash (bottom).
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calculated spectrum (Figure 9) was very similar to that of the
monoreduced model acceptor H3TP0-p, showing a slight
bathochromic shift of about 0.1 eV with respect to the other
model species. This difference spectrum could be ascribed to
[A]� , and the stabilization energy was found to be in
accordance with the slight modification of the redox proper-
ties measured for A when connected to P1. Noteworthy
observations are that 1) P1A/Os could be successfully inves-
tigated by spectroelectrochemistry, and 2) the unique features
of H3TP0 were recovered, as they constitute the a posteriori
confirmation that the acceptor moiety does behave independ-
ently of the photosensitizer subunit. Accordingly, the fact that
the three different species responsible for the spectrum S can
be related to model chromophoric compounds (P1/Os, [P1/
Os]� , [A]�), but not to other or unknown chromophores,
further confirms that components within the dyad interact
weakly. This really fulfils the requirements of supramolecular
photochemistry.[5, 6a,c, 25]


Hence, taken together with the previously reported struc-
tural and ground-state electronic features,[9] the main points
that emerge from the observed electrochemical and spectro-
electrochemical behavior are that:
1) In spite of their sharply twisted arrangement, A and P0
exert a mutual influence on each other (substituent effect)
such that A has to be considered as being strongly
electronically coupled to P0.


2) The combined effects of their ™geometrical decoupling∫
(orthogonal conformation)[9] and the intrinsically weak
electron-withdrawing properties of the H3TP� unit, to-
gether with the attenuating contribution of the phenyl as a
spacer, result in A and P1 being weakly coupled compo-
nents.


3) D is strongly coupled to P1.


Consequences for photophysical behavior and PET phenom-
ena : The light excitation of photosensitized molecules (ab-
sorption) provides a means of inducing intramolecular
processes such as PET, whereas the light collected from
molecular systems (emission) provides an informative means
of probing the intramolecular response to previous electro-
magnetic stimuli. Steady-state and time-resolved photophys-
ical experiments were therefore performed on the various
photosensitized polyad systems in order to characterize their
properties and to assess their ability to undergo PET with
possible CS states.


Room temperature luminescence of the P0 family : At room
temperature, one should note that 1) a lower energy for the
3MLCT level is not related to a shorter luminescence lifetime,
2) radiative rate constant values are the same for P0A2/Ru
and P0A/Ru, whereas the nonradiative decay appears to be
about half as efficient for P0A/Ru as it is for P0A2/Ru
(Table 4), and 3) the 3MLCT level is lower in energy for P0A/
Ru than it is for P0A2/Ru. This latter property, in addition to
the fact that the 3MC level is expected to lie at roughly the
same energy within the heteroleptic and homoleptic com-
plexes,[21] further contributes to the increase in the activation
barrier between the emitting state and the nonradiative 3MC
(d ± d) level. Based on these findings, even though the


temperature dependence of the knr rate constants was not
further studied, it seems reasonable to state that the energy-
gap law (i.e., E[3MLCT] vs knr) does not adequately account
for the observed behavior. It seems most likely that the main
deactivation pathway proceeds via the thermally populated
metal-centered (3MC) level, as previously shown by Maestri
et al. for a similar system.[21] The larger the (3MLCT-3MC)
energy gap, the more difficult it becomes to populate the 3MC
level and consequently the luminescence lifetime becomes
longer. This statement is further confirmed when one consid-
ers that 1) strong perturbation of the chromophore with
respect to the reference P0/Ru is also detected at 77 K in a
frozen matrix, in which no solvent-assisted process may take
place, and 2) the triplet excited state of P0/Ru within P0A/Ru
is not sufficiently reducing (Tables 4 and 2) to transfer an
electron intramolecularly to the acceptor moiety (oxidative
quenching of *P0/Ru).
The overall set of data is thus indicative of a behavior that is


consistent with an intramolecular, inductive, and through-
bond mediated electronic effect, in accordance with our
previous conclusions. The electronic effect of the acceptor
substituents on the ruthenium(��) bis-terpyridyl chromophore
lowers the efficiency of the 3MC deactivation pathway such
that nanosecond rather than the usual picosecond timescale
lifetimes are observed for the phosphorescence of the P0/Ru-
based luminophores at room temperature.[26] It is noteworthy
that, among such mononuclear chromophores, there have
been only very few examples of room-temperature lumines-
cent tpy-based ruthenium complexes.[6, 21, 26a] Due to their key
role within the framework of research devoted, for instance,
to the mimicry (or modeling) of the photosynthetic processes
and to molecular electronic devices,[5, 6] much effort has been
directed towards improving the photophysical properties of
these poorly efficient Ru/tpy-based photosensitizers. At least
three different strategies have been reported to date. The first
involves modifying the direct peripheral surroundings of the
chromophoric core by attaching at the 4�-position of the tpy
either a specific strongly electron-withdrawing substituent,
namely -SO2Me,[21, 27] or an organic fragment capable of
enhancing the electronic delocalization over the tpy moiety,
such as a bridging ethynyl group.[28] The second approach
involves long-range monitoring that is achieved through
a remote site appended to the chromophore such as an
ethynylated pyrene moiety[29] or a potentially modifiable
group, as in the case of a protonatable free tpy moiety.[30]


The remote site may also be another complex[31] with
a 2,5-thiophenediyl unit as a possible bridging spacer.[32]


In the latter case, one would then be dealing with di- and
polynuclear species, which are beyond the scope of the
present discussion. The third strategy involves tuning
of the luminescence properties by modifying the very
nature of the inorganic chromophore itself. This can be
achieved by using cyclometalating ligands[33] and, where
necessary, by making supplementary structural changes within
the coordination polyhedron by deliberately introducing
steric hindrance,[34] or by using ancillary ligands such as
CN�, thereby generating a photosensitizer of the
[(tpy)Ru(CN)3]� type[35] that displays solvent-dependent
luminescent properties.
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The aforementioned strategies are nevertheless still some-
what restrictive as 1) an electron-withdrawing substituent
such as SO2Me is also an end-group that cannot be sub-
sequently functionalized or modulated, 2) the rod-like ethynyl
backbone is a connector that is not readily amenable to fine
adjustment of the properties, and 3) the solvent is a parameter
of little scope as inorganic luminophores are unfortunately
rarely soluble in the whole range of common solvents. These
drawbacks are overcome with the R12R2TP� group described
herein, which is a polyvalent building block that may be used
both as a terminal group with adjustable electronic properties
and as an electroactive spacer, connector, or bridging
element. Furthermore, the related ligand allows the integrity
of the ruthenium(II) bis-terpyridyl chromophore to be
preserved, as well as its appealing main topological features.


Intramolecular PET in the P1 family : Although the photo-
physical behavior at low temperature of the overall series of
P1-based polyad systems appeared to be governed by the
energy-gap law, comparison with room-temperature behavior
may be very informative regarding the occurrence of hypo-
thetical PET. Indeed, through-bond mediated electronic
phenomena, such as inductive and mesomeric substituent
effects, are persistent (to some extent) in a frozen rigid matrix,
whereas some dynamic processes that are allowed in fluid
media, such as solvent-assisted ET, are precluded.
On going from a fluid medium to a viscous glass, a blue shift


in emission is observed. It originates from the higher energy
required for the reorganization of the solvent molecules that
accompanies the electronic redistribution over the polyad
systems when excited in their charge-transfer states. Thus,
when comparing the behavior at the two different temper-
atures, it is worthwhile referring to the corresponding model
photosensitizer at the same temperature. The following
observations should be emphasized:
1) Luminophores P1 bearing at least one dimethylamino
electron-donating group, namely DP1, D2P1 (and DP1A),
exhibit noticeable perturbations of their photophysical
properties with respect to those of the isolated P1, at both
293 and 77 K. These perturbations, where measurable,
consist of red-shifted emission wavelengths, smaller lumi-
nescence quantum yields, and generally shorter phosphor-
escence lifetimes. Such expected alterations of the photo-
physical features of P1 are clearly consistent with the
previously established strong intercomponent electronic
couplings. Note, however, that the existence of substituent


effects does not rule out a priori the occurrence of ET
phenomena.


2) In contrast, perturbations of the emission properties of the
P1 photoactive site observed at room temperature for
compounds based on P1 and A components only, almost
completely vanish at 77 K. This difference in behavior as a
function of temperature is particularly salient for the
acceptor dyads, and especially for P1A/Os. Moreover, at
room temperature, the emission quantum yield of this
latter dyad is only 50% of that of P1/Os. P1A/Os also
exhibits an approximately 30% shorter emission lifetime,
whereas the strongly coupled donor group bearing DP1/Os
and D2P1/Os species, which emit at about the same energy
or lower, display a small decrease in their luminescence
quantum yields of the order of 20 to 25% and emission
lifetimes shortened by only about 15%. These findings,
together with the previously collected information con-
cerning the weak electronic coupling between P1 and A,
lead us to the statement that electronic substituent effects
originating from the H3TP� acceptor group cannot account
for the observed quenching of the luminescence of P1
within P1A/Os. The oxidative quenching of this lumines-
cence resulting from an intramolecular PET process may
therefore be proposed to account for the reported photo-
physical behavior of P1A/Os. It is worth noting that, as is
the case for the electronic[9] and electrochemical proper-
ties, the effect of the covalent attachment of H3TP� to P1
upon the photophysical properties of the photosensitizer is
similar to that reported when a strong electron acceptor,
such as MV2�,[6a,c, 17, 24, 36] is connected to P1 by an insulating
methylene spacer. However, a very weak substituent effect
is likely to be operative for the P1/A ruthenium series, as
evidenced by the small but significant red shifts of the
emission wavelengths together with the slightly longer
phosphorescence lifetimes (with respect to the parent P1/
Ru) that are measured at low temperature (Table 5).


3) For the DP1A triads, the matter of the occurrence of
intramolecular PET is difficult to resolve at this stage of
the discussion because of the electronic perturbation of the
photophysical properties of P1 caused by the strongly
coupled D subunit. Thermodynamic considerations are
therefore required in order to help in the discrimination
between the various possible hypotheses.
Calculated excited-state redox potentials of *P1, together


with some radiative and nonradiative rate constants, are
collected in Table 6.


Table 6. Excited-state properties of P1-based compounds.[a]


Ru-based Os-based
E(III/II*) [V] E(II*/I) [V] E(III/II*) [V] E(II*/I) [V] kr [s�1] knr [s�1]


P1 � 0.73 � 0.73 � 0.82 � 0.52 8.1� 104 4.0� 106
P1A � 0.69 � 0.71 � 0.79 � 0.51 6.1� 104 5.9� 106
P1A2 � 0.67 � 0.66 � 0.76 � 0.47 6.8� 104 4.4� 106
DP1 � 0.64[b] � 0.69 � 0.88 � 0.48 7.2� 104 4.8� 106
D2P1 � 0.54[b] � 0.62 � 0.87 � 0.40 7.6� 104 4.6� 106
DP1A � 0.64 � 0.69 � 0.81 � 0.41 4.2� 104 1.8� 107


[a] See text for the determination of excited-state redox potentials; kr and knr rate constants at room temperature. [b] Due to perturbations in the metal-
centered oxidation process, which affect the determination of the oxidation potential MIII/II of DP1/Ru and D2P1/Ru (see text and Table 2), the corresponding
excited-state redox potentials may be considered only as rough estimates.
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Firstly, one may note that the excited-state redox potentials
of *P1 within *P1A (and to some extent within *P1A2),
especially in the case of OsII complexes, are almost the same
as that of the isolated model *P1, both for oxidation and
reduction. Interestingly, in the case of D*P1A/Os, the value of
E(III/II*) is also very close to that found for the native
photosensitizer. This behavior is indeed reminiscent of the
very weak electronic interaction between P1 and A previously
addressed.
Secondly, comparison of the excited-state redox potentials


of *P1 with the electrochemical data, more precisely with the
first oxidation potentials of D and the first reduction
potentials of A determined within the related polyad systems
(Table 2), allows us to state that for monoelectronic proc-
esses:
1) all reductive quenching reactions of *P1 by D (D± *P1�
D� ±P1�) are endoergonic by at least �0.2 eV, so that they
would not be expected to occur;


2) all oxidative quenching reactions of *P1 by A (*P1 ±A�
P1� ±A�) are also energetically disfavored by at least
�0.2 eV, with the notable exceptions of the P1A/Os and
DP1A/Os species, for which the intramolecular ET was
estimated to be only slightly endoergonic with an energy
difference of �0.12 eV, as well as P1A2/Os (�G��
�0.16 eV). Taking into account the fact that the calculated
values of E(III/II*) and E(II/I*) are only rough estimates
(due to the theoretical approximations made and the
various experimental errors that affect the data on which
they are based),[18±20, 37] one may conclude that PET
phenomena with the associated formation of CS states
(P1� ±A�) can be reasonably postulated.
To further confirm that ET processes are indeed possible


within the selected supramolecular systems, a bimolecular
quenching experiment [Eq. (6)] was carried out with *P1/Os
and theN-phenyl-2,4,6-triphenylpyridinium (p-TPH3


�) model
compounds.[8]


*[Os(tterpy)2]2� � p-TPH3
�� [Os(tterpy)2]3� � p-TPH3


0 (6)


Beyond the demonstration that an ET process could take
place between *P1/Os and A, it was also found that the
experimentally determined value for the rate constant (kQ�
6� 107��1s�1) of this reaction [Eq. (6)] could not account for
the more efficient quenching process observed within the
dyads and triad. The effective contribution of an intermolec-
ular ET to the quenching mechanism observed for the polyads
was thus negligible. Moreover, in view of the electronic and
photophysical properties of the organic colorless D and A
electroactive fragments (UV-absorbing) compared to those of
*P1/Os (NIR/Vis-emitting 3MLCT state), the above-reported
quenching effect could not originate from an energy transfer.
The overall picture drawn from the photophysical study of


P1-based polyad systems is that photoinduced electron-trans-
fer processes (and the formation of charge-separated states)
are expected to occur within P1A/Os and DP1A/Os supra-
molecular species, and to some extent within the P1A2/Os
compound as well. To obtain direct evidence of such
phenomena, transient absorption spectroscopy experiments
were performed with the aim of detecting the formation of the


reduced acceptor unit in the excited state. These investiga-
tions were carried out on P1A/Os instead of DP1A/Os, firstly
because it is the less complicated case, and secondly because
of the weaker differential optical densities observed for the
triad.
Together with the findings from the spectroelectrochemical


study, a comparative analysis of transient absorption differ-
ence spectra of P1/Os and P1A/Os recorded under the same
experimental conditions appeared to be fruitful. Indeed, the
pronounced and reproducible modification of the features in
the bleaching region of the 1MLCT band for P1A/Os is
consistent with the concomitant formation of a broad band in
the same region, at about 510 nm, which was ascribed to the
absorbing reduced H3TP0 species ([A]�). The formation of
[A]� is further supported by the positive absorption maximum
detected at 360 nm for P1A/Os (see Table 3), which is not
present in the difference spectrum of P1/Os 20 ns after the
laser excitation (Figure 12). The capture of the photoexcited
electron by the acceptor moiety is also revealed by the
noticeable weakening of features corresponding to the
chromophoric reduced ptpy ligands, located at around 390
and 600 nm. When quenched, the metal-to-ptpy charge-
transfer state, that is the transient localization of the
promoted electron on the chromophoric terpyridyl ligands,
is very short-lived. In other words, the intercomponent ET
process (to the acceptor subunit) is rapid. However, and as
expected, the CS state is short-lived as it is no longer detected
280 ns after the laser pulse excitation. Due to 1) the
intermingled contributions to transient absorption difference
spectra, in particular that of the bleaching at 490 nm related to
P1/Os with the increasing absorption of [A]� at about 510 nm,
and 2) the time resolution of our laser setup (10 ns), the rate
constant for the formation of the P1� ±A� CS state could not
be accurately determined. Once formed, this CS state decays
over 168 ns. For the triad DP1A/Os, the electron-transfer rate
constant leading to the initial CS state D±P1� ±A� could be
estimated from Equation (7), in which �(DP1A/Os) is the
luminescence lifetime of the triad and �(DP1/Os) is the corre-
sponding lifetime of the DP1/Os model compounds:


kET� 1/�(DP1A/Os)� 1/�(DP1/Os) (7)


It was found that kET� 1.27� 107 s�1. Taking into account
the fact that the subsequent net transfer of one electron from
the donor D (competing with the charge recombination
process) to give D� ± P1 ±A� is, as expected, unlikely on the
basis of thermodynamic considerations (Tables 6 and 2),[9] the
shortened lifetime of 57 ns (Table 5) may be rationalized in
terms of an enhanced electron-releasing inductive effect from
D when it is connected to the oxidized and positively charged
[*P1]� (in the excited state) as compared to P1 in the ground
state.
In summary, it has been demonstrated that, under certain


conditions, P1-photosensitized supramolecular species
based on the new triphenylpyridinium-derivatized ptpy li-
gands do undergo PET processes, leading to charge-separated
states.
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Conclusion


Although the chemical variability (R1, R2) of the novel
R12R2TP�-(p)ntpy family of ligands[8, 9] has not yet been
exploited,[38] electrochemical studies have shown that the
redox properties of the electron-acceptor fragment can be
tuned, as expected, through changing its peripheral substitu-
ents (in the present case by changing the N-aryl group of the
pyridinium ring). In its native form (R1�R2�H), the H3TP�


moiety is a weak acceptor that can be reduced in two one-
electron steps in a narrow potential range, which may be
adjusted to give a single two-electron step of potential interest
for multi-electron purposes such as catalysis.
The P0- and P1-based systems show different photophysical


behavior. Interestingly, when H3TP� is directly connected to
the nonluminescent Ru(tpy)22� chromophore (P0/Ru), the
photophysical properties of this complex are modified in such
a manner that the photosensitizer becomes a good lumino-
phore at room temperature. This result is obtained without
any loss of the precious structural features of the native
chromophore. Furthermore, owing to chemical versatility of
the novel R12R2TP�-tpy ligand, the corresponding complex
can be used as an efficient photosensitizing building block
with adjustable properties, both in a terminal position and in
an internal position within polynuclear rigid rodlike super-
molecules (R12R2TP�-tpy is then transformed into a connect-
ing or bridging ligand).
When a phenyl spacer is present (P1 family), it has been


shown that, under particular conditions (Os series), a CS state
can be reached as a result of PET processes between P and A.
However, the weakness of H3TP� as an electron acceptor
prevents the CS states from being easily produced within all
the investigated polyad systems. On the basis of the evident
tunability of R12R2TP�, however, it should be possible[38] to
make A more efficient for generating long-range and long-
lived CS states within redox cascades or branched super-
structures.
In conclusion, these results clearly show the possibility of


designing novel photosensitized molecular and supramolecu-
lar inorganic systems based on the triarylpyridinium unit, for
potential applications in solar energy conversion and molec-
ular electronics or photonics (such as nonlinear optic proper-
ties[39]).


Experimental Section


Materials : All compounds were synthesized as described elsewhere.[9]


Electrochemical and spectroelectrochemical measurements : The electro-
chemical experiments were carried out with a conventional three-electrode
cell (solution volume 15 mL) and a PC-controlled potentiostat/galvanostat
(Princeton Applied Research model 263A). The working electrode, which
was mounted in Teflon, was a platinum disk from Radiometer ±Tacussel
with an exposed geometrical area of 0.032 cm2. Hydrodynamic voltamme-
try experiments were conducted by rotating the disk electrode at various
rates, ranging from 400 to 3600 rpm (Controvit device from Radiometer ±
Tacussel, France). The electrode was polished before each experiment with
3 �m and 0.3 �m alumina pastes followed by extensive rinsing with ultra-
pure Milli-Q water. Platinum wire was used as the counter electrode, while
a saturated calomel electrode (SCE) served as the reference electrode.
Electrolytic solutions, acetonitrile containing 0.1� tetrabutylammonium


tetrafluoroborate (TBABF4, Aldrich, 99%� ) as supporting electrolyte,
were routinely deoxygenated by argon bubbling. All potentials are quoted
with respect to the SCE.


Cyclic voltammetric data were used to estimate formal potentials E1/2 as
(Epa � Epc)/2, in which Epa and Epc are the anodic and cathodic peak
potentials, respectively, relating to the redox process under consideration.
In some cases, E1/2 was evaluated directly from the hydrodynamic
voltammograms as being the half-wave potential value. Standard rate
constants k� for electron-transfer reactions under kinetic-diffusion-con-
trolled conditions were estimated from the cyclic voltammogram peak
separations using the established method of Nicholson.[40] For this purpose,
diffusion coefficients of the relevant species in solution were calculated
from hydrodynamic voltammetry data by using Levich×s equation,[40a] and
the number of electrons involved in the redox process was determined by
comparison with reference components. It was surmised that ohmic drop
was minimal under the experimental conditions used, and did not affect the
potential peak separation and k� calculations.


In situ spectroelectrochemical measurements were carried out in a home-
made cell consisting of a standard UV/Vis cuvette (pathlength 1 cm; total
solution volume 5.5 mL), of which the top had been opened out to allow the
easy introduction of the working, reference, and counter electrodes. The
working electrode was a platinum grid of geometrical area 3 cm2, which was
flattened against one of the walls of the cuvette opposite to the light beam
pathway. Platinum wire was used as the counter electrode, and home-made
AgCl-coated Ag wire was used as the reference electrode. The potential
difference between this reference electrode and SCE amounted to 30 mV,
and this value was checked daily, before and after use. Electrolytic solutions
were routinely deoxygenated with argon and kept under inert atmosphere
during the experiments. UV/Vis data were recorded with a Shimadzu UV-
160A spectrophotometer.


Photophysical properties : The uncorrected emission spectra were recorded
on a Jobin Yvon Spex Fluorolog FL 111 spectrofluorimeter. Emission
quantum yields for argon-degassed solutions of the complexes of the P0/Ru
series in acetonitrile were determined relative to a solution of [Ru(bpy)3]2�


in acetonitrile (�em� 6.2� 10�2) as a reference.[18] For the P1/Os series, the
reference was [Os(bpy)3]2� in acetonitrile (�em� 5� 10�3).[41] Excitation
spectra were corrected according to the lamp spectrum. The optical density
of each solution was adjusted to 0.1 at the excitation wavelength.


Transient absorption spectra and excited-state lifetimes were determined
by laser flash spectroscopy. The nanosecond setup has been described in
detail elsewhere.[36] Briefly, an excimer laser (Lambda Physik EMG 100,
308 nm pulses of duration 10 ns and energy 150 mJ) was used as the
excitation source. The detection system consisted of a xenon flash lamp, a
Jobin Yvon H25 monochromator, a Hamamatsu R955 photomultiplier,
and a Le Croy 9362 digital oscilloscope. The laser intensity was attenuated
to avoid biphotonic effects. The analysis was carried out within the first
millimeter of the sample excited by the laser pulse, with quartz cells of 1 cm
pathlength (room temperature experiments). The optical density of the
samples was adjusted to 0.8 at the excitation wavelength of the laser (�exc�
308 nm). All photophysical properties were measured in acetonitrile
(Aldrich, 99.5%, spectrophotometric grade) at room temperature and in
butyronitrile (Aldrich, 99%� ) at 77 K. For the low-temperature measure-
ments, cylindrical quartz cells were used, and the solutions were cooled in a
quartz Dewar containing liquid nitrogen. Solutions were deaerated either
by bubbling with argon (room temperature experiments) or by vacuum
degassing through successive freeze-pump-thaw cycles (low temperature
experiments)


Room-temperature, picosecond experiments on compounds of the P1/Ru
series were carried out with a mode-locked, frequency-doubled Nd:YAG
laser (532 nm pulses of duration 25 ps and energy 12 mJ).[42] Triplet
lifetimes were measured by transient absorption spectroscopy, following
the recovery of ground state at 490 nm (experimental uncertainty 	20 ps).
Solutions of the complexes in acetonitrile (at 293 K) were deoxygenated
prior to laser flash photolysis.
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Syntheses, Crystal Structures, and Physical Properties of Dinuclear Copper(�)
and Tetranuclear Mixed-Valence Copper(�,��) Complexes with Hydroxylated
Bipyridyl-Like Ligands


Xian-Ming Zhang,[a] Ming-Liang Tong,[a] Meng-Lian Gong,[a] Hung-Kay Lee,[b] Li Luo,[c]
King-Fai Li,[d] Ye-Xiang Tong,[a] and Xiao-Ming Chen*[a]


Abstract: Four copper complexes with
hydroxylated bipyridyl-like ligands,
namely [Cu2(ophen)2] (1), [Cu4(o-
phen)4(tp)] (2), [Cu4(obpy)4(tp)] (3),
and [Cu4(obpy)4(dpdc)] ¥ 2H2O (4),
(Hophen� 2-hydroxy-1,10-phenanthro-
line, Hobpy� 6-hydroxy-2,2�-bipyridine,
tp� terephthalate, dpdc� diphenyl-4,4�-
dicarboxylate) have been synthesized
hydrothermally. X-ray single-crystal
structural analyses of these complexes
reveal that 1,10-phenanthroline (phen)
or 2,2�-bipyridine (bpy) ligands are hy-
droxylated into ophen or obpy during
the reaction, which provides structural


evidence for the long-time argued Gil-
lard mechanism. The dinuclear copper(�)
complex 1 has three supramolecular
isomers in the solid state, in which short
copper ± copper distances (2.66 ± 2.68 ä)
indicate weak metal ± metal bonding
interactions. Each of the mixed-valence
copper(����) complexes 2 ± 4 consists of a
pair of [Cu2(ophen)2]� or [Cu2(obpy)2]�


fragments bridged by a dicarboxylate
ligand into a neutral tetranuclear dumb-
bell structure. Dinuclear 1 is an inter-
mediate in the formation of 2 and can be
converted into 2 in the presence of
additional copper(��) salt and tp ligands
under hydrothermal conditions. In addi-
tion to the ophen-centered ���* ex-
cited-state emission, 1 shows strong
emissions at ambient temperature,
which may be tentatively assigned as
an admixture of copper-centered d� s,p
and MLCT excited states.


Keywords: copper ¥ mixed-valent
compounds ¥ hydroxylation ¥
Gillard mechanism ¥ structure
elucidation


Introduction


Considerable emphasis has been placed on the investigation
of copper(�) and mixed-valence copper(����) complexes be-
cause simple mononuclear copper(�) complexes with N-heter-


ocyclic ligands, particularly derivatives of 2,2�-bipyridine
(bpy) and 1,10-phenanthroline (phen), have unusual photo-
physical and electrochemical properties,[1, 2] and polynuclear
copper(�) complexes have diverse luminescent properties.[3±5]


Oxidation of one of the copper(�) centers in a polynuclear
species can afford mixed-valence CuI ± CuII complexes,[6]


which are of particular interest in the rare cases when the
mixed-valence state is delocalized.[7, 8]


On the other hand, there are a number of so-called
™anomalies∫ of reactivity of N-heterocyclic complexes in
aqueous solutions, in particular, bpy and phen complexes.[9] A
quarter of a century ago, Gillard proposed a covalent hydrate
mechanism for rationalizing the anomalous properties of
these N-heterocyclic complexes (Scheme 1).[10] The key to the
Gillard mechanism is that coordination of pyridine to a metal
ion has an effect similar to quaternization and consequently
activates the �-carbon atom of the pyridine to be attacked by
a nucleophilic hydroxide ion to form a covalent hydrate (CH).
Owing to a lack of structural evidence for the CH intermedi-
ate, the mechanism was debated for a long time.[11, 12]


Recently, we described two mixed-valence copper(����) com-
plexes with hydroxylated bpy and phen ligands[13] that provide
structural evidence for the Gillard mechanism. As an
extension of our previous work, we now report herein the
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Scheme 1. Schematic representation of the Gillard mechanism of covalent
hydrate.


syntheses, crystal structures, and electrochemical and spec-
troscopic properties of a dinuclear copper(�) complex, namely
[Cu2(ophen)2] (1; Hophen� 2-hydroxy-1,10-phenanthroline)
which has three supramolecular isomers, and three tetranu-
clear mixed-valence complexes, namely [Cu4(ophen)4(tp)] (2;
tp� terephthalate), [Cu4(obpy)4(tp)] (3 ; Hobpy� 6-hydroxy-
2,2�-bipyridine), and [Cu4(obpy)4(dpdc)] ¥ 2H2O (4; dpdc�
diphenyl-4,4�-dicarboxylate).


Results and Discussion


Description of crystal structures : The dinuclear copper(�)
complex : Dinuclear 1 crystallizes in three forms, the molec-
ular structures of which are virtually identical. On the other
hand, the three crystal forms show remarkable differences in
terms of the molecular packing arrays, and thus are three
supramolecular isomers. There is one crystallographically
independent CuI atom in the � and � forms but two in the �


form (Figure 1). Each CuI atom in 1 adopts a trigonal


Figure 1. Structures of a) 1� or 1�, and b) 1� (ORTEP plots with 35%
thermal ellipsoids).


geometry, being coordinated by two nitrogen atoms from an
ophen ligand and one oxygen atom from a deprotonated
pyridyl hydroxy group of another ophen ligand. The Cu�O
and Cu�N distances range from 1.916(5) to 1.923(5) ä and
from 1.953(5) to 2.274(6) ä, respectively. The Cu�Cu dis-
tances in the �, �, and � forms are 2.679(3), 2.661(2) and


2.673(2) ä, respectively, which are shorter than twice the van
der Waals radius of CuI (2.8 ä) and are slightly longer than
the Cu�Cu separation of 2.56 ä in metallic copper.[14] Weak
bonding interactions have recently been proven in
[Cu2(dcpm)2]X2 (dcpm� bis(dicyclohexylphosphanyl)me-
thane, X�ClO4


�, PF6
�) complexes which have short CuI�CuI


distances of 2.64 ± 2.93 ä.[15] Therefore, the Cu�Cu distance of
2.66 ± 2.68 ä in 1 indicates similar CuI�CuI bonding interac-
tions.


There are three types of supramolecular interactions in 1,
namely C�H ¥¥¥ O hydrogen bonding, aromatic � ±� stacking
and intermolecular Cu ¥¥ ¥ Cu interactions, which may be
responsible for the existence of the three supramolecular
isomers. In 1�, the C(11b) ¥ ¥¥ O(1) distance is 3.432 ä and the
ophen ligands between adjacent molecules are arranged in an
off-set fashion with a plane-to-plane separation of 3.3 ± 3.5 ä,
indicating apparent C�H ¥¥¥ O hydrogen bonds[16] and strong
aromatic � ±� stacking interactions.[17] Therefore, discrete
molecules of 1� are extended into a two-dimensional (2D)
supramolecular array in the solid (Figure 2). The Cu ¥¥ ¥ Cu
distance of 5.15 ä between two adjacent molecules indicates
there is no intermolecular Cu ¥¥ ¥ Cu interaction. In 1�, the
C�H ¥¥¥ O hydrogen bonds (C(6a) ¥¥ ¥ O(1) 3.397 ä) link the
discrete molecules into 2D arrays. Off-set aromatic � ±�
stacking interactions (separation 3.3 ± 3.4 ä) and intermolec-
ular Cu ¥¥ ¥ Cu interactions (Cu ¥¥¥ Cu 3.37 ä) in 1� further
extend the 2D layers into a 3D array. Surprisingly, alternative
intramolecular and intermolecular Cu ¥¥¥ Cu interactions in 1�
result in 1D zigzag metallic chains (see Figure S1 in the
Supporting Information). In contrast to 1� and 1�, two
discrete molecules in 1� with intermolecular aromatic � ±�
interactions (plane-to-plane separation 3.1 ± 3.3 ä) and
Cu ¥¥ ¥ Cu interactions (3.596 ä) are paired, and the molecular
pairs are further connected by means of C�H ¥¥¥ O hydrogen
bonds (C(10a) ¥¥¥ O(2) 3.435 ä) to generate a 3D supra-
molecular array.


Supramolecular isomerism lies at the heart of crystal
engineering but, so far, known supramolecular isomers are
very limited.[18] Therefore the structural characterization of
three supramolecular isomers of 1may provide structural data
for calculating supramolecualar interactions.


Tetranuclear mixed-valence copper(����) complexes : Com-
plexes 2 ± 4 are structurally analogous since they all consist
of a pair of [Cu2(ophen)2]� or [Cu2(obpy)2]� fragments
bridged by a deprotonated dicarboxylate, �4-tp or �4-dpdc,
into neutral tetranuclear dumbbell-shaped molecules, as
depicted in Figures 3 and 4 (also see Figure 1 in reference
[13]). Each of the two crystallographically independent
copper atoms in 2 ± 4 has a similar square-pyramidal co-
ordination environment, being surrounded by a pair of
nitrogen atoms (Cu�N 1.927(4) ± 2.099(5) ä) from an ophen
or obpy, a deprotonated hydroxy group (Cu�O 1.913(3) ±
1.943(4) ä) from another ophen or obpy, and the adjacent
copper atom (Cu�Cu 2.402(1) ± 2.443(2) ä) at the equatorial
positions, and by a tp or dpdc carboxylate oxygen atom
(Cu�O 2.167(5) ± 2.302(5) ä) at the apical position. These are
consistent with most mixed-valence Cu2


3� complexes docu-
mented previously,[7, 8, 19, 20] in which two metal atoms have
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Figure 2. Perspective views of the stacking arrays of a) 1�, b) 1�, and c) 1�.


virtually identical coordination environments and form a
short Cu�Cu bond with a bond order of 0.5. Bond valence sum
(BVS) analyses also indicate that 2 ± 4 are copper(1.5),cop-
per(1.5) compounds.[21] The CuI�CuII bonding interactions in
mixed-valence copper(����) complexes are important in metal-


Figure 3. Structure of 4 (ORTEP plot with 35% thermal ellipsoids).


loprotein systems because they involve long-distance electron
transfer.[22]


It should be noted that the [Cu2(ophen)2]� and
[Cu2(obpy)2]� fragments in 2 and 3 are nearly coplanar but
the [Cu2(obpy)2]� fragments in 4 are not; the dihedral angle
between the two obpy ligands is 150�. Although the molecular
structures of 2 ± 4 are similar, their supramolecular arrays in
the solid are quite different (see Figure 4). Compounds 2 and
3 display van der Waals interactions between intermolecular
Cu2


3� dimers as well as aromatic stacking interactions. Two
Cu2


3� dimers from neighboring molecules are arranged into a
parallelogram with a diagonal side of 3.74 ä and a longer side
of 4.05 ä in 2, and into a rectangle with a longer side of 4.02 ä
in 3. In addition, the adjacent aromatic rings of ophen and
obpy are stacked in an off-set fashion with a plane-to-plane
separation of 3.4 ± 3.8 ä in 2 and 3. Thus, the intermolecular
Cu ¥¥ ¥ Cu interactions and aromatic stacking interactions
extend the molecules of 2 and 3 into 1D chains which are
further extended by C�H ¥¥¥ O hydrogen bonds between the
aromatic groups and carboxy groups from adjacent chains (C ¥
¥¥ O 3.41 ± 3.48 ä) into 3D supramolecular arrays (see Figure
S2 and S3 in the Supporting Information). In contrast to 2 and
3, there are no intermolecular Cu ¥¥ ¥ Cu and aromatic � ±�
stacking interactions in 4 due to the cross arrangement of the
molecules in the solid, and the 3D supramolecular array is
mainly held together by significant C�H ¥¥¥ O hydrogen bonds
(C ¥¥¥ O 3.37 ± 3.49 ä) (see Figure S4 in the Supporting
Information). It is noteworthy that, in 2 and 3, only
carboxylate oxygen atoms are utilized as acceptors in the
formation of C�H ¥¥¥ O hydrogen bonds, whereas in 4 both
carboxylate and pyridyl hydroxy oxygen atoms are utilized as
acceptors. This is the reason why the supramolecular array of
4 shows great differences from those of 2 and 3.


Synthesis : Whilst a well-established method for the synthesis
of zeolites, the hydrothermal method has more recently been
adopted in the preparation of coordination complexes. In
principle, this reaction exploits the self-assembly of soluble
precursors and results in products that are similar to those
formed by nucleation in solution.[23] However, the reduced
viscosity of water in the hydrothermal temperature range of
120 ± 240�C enhances the diffusion process and thus extrac-
tion of solids and crystal growth from solution are favored.
Since the problem of differential solubility is minimized, a
number of organic and inorganic components can be intro-
duced for which the appropriate size and shape may be
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Figure 4. Views of the supramolecular layers of a) 2, b) 3, and c) 4.


selected for efficient crystal packing during the crystallization
process. Crystallization under hydrothermal conditions fol-
lows a non-equilibrium course, and thus a metastable phase
may be preferentially isolated. After considering several
pathways, the most stable phase can be isolated. There are a
number of parameters to consider in hydrothermal reactions,
such as time, temperature, pH value, and molar ratio of
reactants; small changes in one or more of these parameters


can have a profound influence on the final outcome of the
reaction.


Complexes 1 ± 4 were hydrothermally synthesized in the
temperature range 140–185 �C under autogenous pressure
with a filling volume of about 50 %. Complex 1 forms three
supramolecular isomers in the solid state, and the preparation
temperatures of the three isomers from low to high are in the
sequence 1�, 1�, and 1� (Figure 2). The molecular symmetry
from low to high follows the same sequence. These observa-
tions are consistent with an entropic effect; from the entropic
point of view, a reaction at a higher temperature favors the
formation of a structure with higher symmetry. In addition,
complex 1 can be converted into mixed-valence tetranuclear 2
by addition of extra CuII salt and tp, and further hydrothermal
treatment. Therefore, it may be regarded as the intermediate
for the formation of 2. The pH values in the preparations of
1 ± 4 are weakly basic (8 ± 9), which favor nucleophilic attack
of hydroxide ions towards phen or bpy ligands to generate
ophen or obpy.


Reaction mechanism : Hydroxylation of bpy and phen to
produce Hobpy and Hophen observed in 1 ± 4 is consistent
with the formation of covalent hydrates in the Gillard
mechanism and thus provides structural evidence for the
mechanism. In addition, we found that the formation of 1 ± 4
shows pH dependence (higher pH favoring the formation of
1 ± 4) which also indicates nucleophilic attack by a hydroxide
ion on the coordinated bpy or phen during the reaction. In
accord with the Gillard mechanism and other well-known
organic reactions, the main steps towards dinuclear copper(�)
and tetranuclear delocalized mixed-valence copper(����) com-
plexes are proposed in Scheme 2. First, bpy or phen ligands
are coordinated to copper(��) ions to form [Cu(bpy)L2]2� or
[Cu(phen)L2]2� species. This step is the prerequisite for
nucleophilic attack by hydroxide ions since the �-carbon
atom of pyridine can only be activated by coordination of the
bpy or phen to a CuII ion. Second, the �-carbon atom of
pyridine is attacked by a nucleophilic hydroxide to form a
mononuclear covalent hydrate (CH); the core step of the
Gillard mechanism. Third, the deprotonation of mononulear
covalent hydrate results in a pseudo-base (PB) species. The
direct attack by a hydroxide ion to form a PB is equivalent to
the addition of a water molecule to form a covalent hydrate
followed by removal of a proton under basic condition.
Fourth, two mononuclear PB species are dimerized to form a
dinuclear PB species. Fifth, intramolecular electron transfer
and dehydrogenation of the dinuclear PB species result in a
neutral dinuclear copper(�) species. In this step, the role of the
CuII ions as oxidant is critical in the fixation of the hydroxy
group on the pyridyl ring. Sixth, intramolecular electron
transfer again generates 1. Finally, one-electron oxidization of
the neutral dinuclear copper(�) molecule and dimerization of
two dinuclear species by coordination of a tp bridge generate
a molecule of 2, concomitant with contraction of the Cu�Cu
distance. In the formation course of 2, a small amount of deep
dark block crystals of 1� was recovered as a by-product,
which encouraged us to investigate 1 as the intermediate in
the formation of 2. Keeping all hydrothermal parameters
unchanged except for the reaction time, the yield ratio of 2 :1�
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increases with the extension of reaction time, indicating that 2
is the more stable phase. An analogous reaction of a mixture
of 1 (in any form of the crystal isomers), Cu(NO3)2, H2tp, and
NaOH indeed yielded platelike dark brown crystals of 2,
which proves unambiguously that 1 is an intermediate during
the formation of 2. The proposed final step is supported by
several reported examples of one-electron oxidation of
dinuclear copper(�) center to prepare mixed-valence dinuclear
copper(����) complexes. In particular, Lippard and co-workers
prepared a series of delocalized mixed-valence complexes
from dinuclear copper(�) intermediates by one-electron oxi-
dation with silver salts.[19] The conversion of the dinuclear 1 to
tetranuclear 2 was performed under a dinitrogen atmosphere,
and thus the oxidant may possibly be the extra copper(��) ions
in the reaction system. It should be pointed out that unstable
covalent hydrate species can form from a [CuL2(phen)]2�


complex in any aqueous solution, however the successful
isolation of hydroxylated bpy and phen ligands in this work is
attributed to the fact that the coordinated CuII ions can act as
an oxidant under hydrothermal conditions, hence resulting in
the fixation of the hydroxy group.


Copper(��) salts are widely used as catalysts in oxidation
reactions of alcohols to ketones or aldehydes, but in most
cases the precise mechanisms are not clear and the inter-
mediates have not fully been characterized.[24] The formation
of copper(�) and mixed-valence copper(����) complexes in-
volves the coordination of an hydroxyl group to the copper(��)
ion, removal of the �-hydrogen atom and intramolecular
electron transfer, which are known steps in the catalytic
oxidation of alcohols to aldehydes or ketones by a copper(��)
salt. Therefore, the formation mechanism of 1 ± 4 is also
helpful to understand the precise catalytic mechanism.


Magnetic properties : The mixed-valence states of the copper
ions in 2 ± 4 were also proven by the temperature-dependent
magnetic susceptibility of 2 (Figure 5). An effective magnetic
moment of 1.73 �B per Cu2 unit at 200 K is consistent with one
unpaired electron per dimer.


Although our investigations based on X-ray structural data,
valence bond sum and magnetic susceptibility indicate that 2,
3, and 4 are averaged mixed-valence complexes, we failed to
obtain the seven-line hyperfine splitting pattern[19] in solution
EPR spectrocopy. However, the powdered EPR spectrum
(see Figure S5 in the Supporting Information) shows a signal
with nearly isotropic g factors (g� 2.10), which confirms the


signal as originating from cop-
per(��) centers. One possible
reason for the absence of the
hyperfine lines is related to the
low antibonding �* level of
ophen and obpy ligands. Thus,
we cannot categorize 2 ± 4 as
class II or class III mixed-va-
lence systems.


Cyclic voltammetry : The cyclic
voltammogram (CV) of 1 dis-
plays one reduction peak and
three oxidation peaks (Fig-


ure 6 a). The Ip at �0.675 V is roughly equal to twice of that
at �0.533 or �0.271 V. Thus, we assign the reduction peak at
�0.675 V to the two-electron reaction [CuICuI(ophen)2]0 �


2e� [Cu0Cu0(ophen)2]2�. The oxidation peaks at �0.533 V
and �0.271 V correspond to the two one-electron reactions
[Cu0Cu0(ophen)2]2�� e� [CuICu0(ophen)2]� and [CuICu0-
(ophen)2]�� e� [CuICuI(ophen)2]0, respectively. In addition,
another irreversible oxidation peak at 0.519 V corresponds to
the reaction of [CuICuI(ophen)2]� 2e� [CuIICuII(ophen)2]2�,
corresponding to the decomposition of 1 and is consistent with
the fact that copper(��) ions having three coordinate atoms are
usually unstable.[25] The CV of 2 displays two reversible
couples (Figure 6 b). The redox couple with the reduction
peak at �1.346 V and oxidation peak at �1.332 V corre-
sponds to the reaction [Cu2


ICu2
II(ophen)4(tp)]� 2e�


[Cu4
I(ophen)4(tp)]2�. The other couple with reduction peak


at �0.054 V and oxidation peak at 0.028 V can be assigned to
the reaction [Cu4


II(ophen)4(tp)]2�� 2e� [Cu2
ICu2


II(ophen)4-
(tp)]. This observation suggests that 2 is more easily oxidized
than other relevant mixed-valence Cu(����) complexes.[19]


The electrochemical behaviors of 1 and 2 show great differ-
ences (Figure 6), possibly due to the difference in their coor-
dination environments. The observations for 1 and 2 suggest that
a single ophen ligand is not sufficient to stabilize the mixed-
valence copper complex but an additional tp ligand is of great
help in the stabilization of 2 in the range of �1.33 ± 0 V.
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Scheme 2. The proposed formation mechanism of 2.


Figure 5. Temperature-dependent magnetic susceptibility of 2 at 10 kOe.
Plot of �eff versus T; inset: plot of ��1 versus T.
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Figure 6. Cyclic voltammograms of a) 1 and b) 2 in DMF solution, scan
rate 400 mV s�1, potentials measured versus SCE.


Absorption and photoluminescence spectra : The absorption
and photoluminescence spectra of the three isomers of 1 in
DMF solution are identical, indicating that the different forms
of 1 have the same solution structure. The UV/Vis absorption
spectra of 1 consist of a sharp and intense absorption band at
288 nm and a broad absorption band centered at 352 nm. The
former corresponds to ���* transition of the ophen ligand
and the latter to n��* transition of the ophen ligand.
Possibly, the MLCT absorption bands overlap with the latter
one.


The photoluminescence spectrum of 1 in DMF solution
shows a broad band centered at 425 nm upon excitation at
345 nm attributed to the ophen-centered ���* excited state
(see Figure S6 in the Supporting Information). Besides the
ligand-centered ���* excited-state transition, 1 also exhibits
interesting diverse photoluminescent properties in weakly-
coordinating DMF solution at room temperature (Figure 7).
Upon excitation at 422 nm, the emission spectrum of 1
exhibits two broad bands (that apparent at 630 nm, �� 4.9 ns
and the less apparent one at ca. 510 nm) and one narrow,
strong band (511 nm; Figure 7 a). Upon excitation at 454 nm,
the emission maxima of the two broad bands at 511 and
630 nm remain unchanged but a narrow band appears at
526 nm (Figure 7 b). Upon excitation at 488 and 514 nm, a


Figure 7. Photoluminescence spectra of 1 in DMF solution. Excitation
wavelength [nm]: a) 422, b) 454, c) 488, d) 514.


narrow band appears at 575 (�� 5 ns) and 609 nm (�� 5.4 ns),
respectively (Figure 7 c). As mentioned above, two general
trends are apparent in the luminescent properties of 1. Upon
excitation in the range of 420 ± 514 nm, the emission maxima
of the two broad bands do not change with the change of
excitation wavelength but the emission maximum of the
narrow band is red-shifted with the increase of excitation
wavelength. Although luminescence of MLCT excited states
of mononuclear copper(�) compounds of bis-1,10-phenanthro-
line has been extensively studied since the 1980s,[1] [2] lumi-
nescence of polynuclear copper(�) complexes with chalcoge-
nides, acetylides, multi-phosphanes, halides, and thiolates has
received much attention recently.[15] Luminescence of poly-
nuclear luminescent CuI complexes with �-hydroxylated
pyridyl-type ligands has not been reported to date. Thus, only
possible assignments for the excited states are given here and
further exploration of related complexes and precise theoret-
ical calculations are required before exact assignments can be
made. Although from an energy point of view the broad band
emission at 511 nm from the n��* excited state is favored,
the assignment can be argued because 2 is not photolumines-
cent around 511 nm in both the solid state and solution. The
CuI ion has a tendency to be oxidized and the ophen ligand
possesses low-energy empty �* orbitals. Thus, the broad-band
emissions at 511 and 630 nm may result from the copper(�)-to-
ophen charge transfer (MLCT). Luminescence of polynuclear
d10 complexes supported by weak metal ± metal interactions
has been observed, and in view of the short Cu ¥¥¥ Cu distance
(ca. 2.68 ä) and the richness of emissions observed for 1, an
admixture of a metal-centered d� s,p excited state into the
MLCT excited state is also possible. In fact, the admixture of
different excited states including metal/XLCT and metal/
LMCT has been reported in some polynuclear d10 luminescent
complexes.[5] The lifetimes of these narrow bands at 511, 526,
575, and 609 nm are similar, and thus it may be reasonable to
assign them to the same emission origin. As for the red shift of
the narrow band with the red shift of excitation wavelength, it
may be the result of populated energy levels which each
match different excitation energies.
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Conclusion


Four polynuclear copper(�) or copper(����) complexes contain-
ing copper(�) ± copper(�) or copper(�) ± copper(��) bonds were
synthesized and structurally characterized. The hydroxylation
of phen and bpy ligands leading to 2-hydroxy-1,10-phenan-
throline and 6-hydroxy-2,2�-bipyridine in these polynuclear
complexes provides structural support for the Gillard mech-
anism. The formation mechanisms of 1 ± 4 involve electron
transfer from the hydroxy oxygen atom to the CuII ion which is
helpful in the understanding of the precise mechanism of
catalytic oxidation of alcohol by a copper(��) salt. Dinuclear 1
is an intermediate in the synthesis of 2 and can be converted
into 2 in the presence of extra copper(��) salt and tp ligands
under hydrothermal conditions. Three supramolecular iso-
mers of 1 represent a very rare case in crystal engineering, and
also show rich photoluminescent properties.


Experimental Section
Preparations :
[Cu2(ophen)2] (1�): A mixture of Cu(NO3)2 ¥ 3H2O (0.120 g), phen
(0.117 g), and water (10 mL) in a molar ratio of 1:1.3:1100 was stirred
and adjusted to pH 8 with 2 � NaOH solution, then sealed in a 23-mL
Teflon reactor and heated at 160 �C for 120 h. After cooling, deep dark
block crystals of 1� were filtered and dried in air (yield 35%). Elemental
analysis calcd (%) for C24H14Cu2N4O2 (517.47): C 55.70, H 2.73, N 10.83;
found: C 55.56, H 2.78, N 10.79; IR (KBr): �� � 3403 m, 1621 m, 1585 s, 1517 s,
1428 s, 1138 m, 837 m, 732 w cm�1.


[Cu2(ophen)2] (1�): A mixture of Cu(NO3)2 ¥ 3H2O (0.120 g), phen (0.09 g),
and water (10 mL) in a molar ratio of 1:1:1100 was stirred and adjusted to
pH 8.5 with 2 � NaOH solution, then sealed in a 23-mL Teflon reactor and
heated at 175 �C for 120 h. After cooling, dark block crystals of 1� were
filtered and dried in air (yield 30%). Elemental analysis calcd (%) for
C24H14Cu2N4O2 (517.47): C 55.70, H 2.73, N 10.83; found: C 55.75, H 2.70, N
10.91; IR (KBr): �� � 3403 m, 1620 m, 1584 s, 1517 s, 1427 s, 1137 m, 837 m,
732 w cm�1.


[Cu2(ophen)2] (1�): A mixture of Cu(NO3)2 ¥ 3H2O (0.120 g), phen
(0.162 g) and water (10 mL) in a molar ratio of 1:1.7:1100 was stirred and
adjusted to pH 8 with 2 � NaOH solution, then sealed in a 23-mL Teflon
reactor and heated at 150 �C for 120 h. Dark block crystals were filtered and
dried in air (yield 45%). Elemental analysis calcd(%) for C24H14Cu2N4O2


(517.47): C 55.70, H 2.73, N 10.83; found: C 55.64, H 2.76, N 10.92; IR data
(KBr): �� � 3402 m, 1619 s, 1586 s, 1516 s, 1427 s, 1138 m, 837 m, 731 w cm�1.


[Cu4(ophen)4(tp)] (2): a) A mixture of Cu(NO3)2 ¥ 3H2O (0.120 g), phen
(0.117 g), H2tp (0.041 g), NaOH (0.02 g), and water (10 mL) in a molar
ratio of 1:1.3:0.25:0.5:1100 was stirred for 20 min in air, then sealed in a 23-
mL Teflon reactor and heated at 160 �C for 144 h. After cooling, dark brown


platelike crystals of 2 (50 %) and dark block crystals of 1� (3 %) were
recovered. b) A mixture of 1 (0.103 g) (in any one crystal form), Cu(NO3)2


(0.047 g), H2tp (0.017 g), NaOH (0.008 g) and water (4 mL) in a molar ratio
of 1:1:0.5:1:1100 was sealed in a 23-mL Teflon reactor and heated at 160 �C
for 72 h. Dark platelike crystals of 2 were recovered. Elemental analysis
calcd (%) for C28H16Cu2N4O4 (599.53): C 56.09, H 2.69, N 9.34; found: C
55.89, H 2.73, N 9.22; IR (KBr): �� � 3440 m, 3050 w, 1622 m, 1563 s, 1511 s,
1485 s, 1459 s, 1386 s, 1365 s, 1142 m, 843 m, 734 m, 653 m cm�1.


[Cu4(obpy)4(tp)] (3): A mixture of Cu(NO3)2 ¥ 3H2O (0.120 g), bpy
(0.102 g), H2tp (0.041 g), NaOH (0.02 g), and water (10 mL) in a molar
ratio of 1:1.3:0.25:0.5:1100 was stirred for 20 min in air, then sealed in a 23-
mL Teflon reactor and heated at 160 �C for 144 h. After cooling, dark brown
platelike crystals of 3 were filtered and dried in air (yield 30%). Elemental
analysis calcd (%) for C24H16Cu2N4O4 (551.49): C 52.27, H 2.92, N 10.16;
found: C 52.16, H 2.88, N 10.03; IR (KBr): �� � 3433 m, 3070 w, 1601 s, 1568 s,
1492 s, 1458 s, 1164 m, 1013 s, 812 m, 776 s, 746 m, 589 w cm�1.


[Cu4(obpy)4(dpdc)] ¥ 2H2O (4): A mixture of Cu(NO3)2 ¥ 3H2O (0.120 g),
bpy (0.122 g), H2dpdc (0.061 g), NaOH (0.02 g), and water (10 mL) in a
molar ratio of 1:1.6:0.25:0.5:1100 was stirred for 20 min in air, then sealed in
a 23-mL Teflon reactor and heated at 185 �C and held for 164 h. After
cooling, dark brown needlelike crystals were filtered and dried in air (yield
30%). Elemental analysis calcd (%) for C54H40Cu4N8O10 (1215.10): C 53.38,
H 3.32, N 9.22; found: C 53.42, H 3.36, N 9.28; IR (KBr): �� � 3422 m, 3067 w,
1596 s, 1565 s, 1488 s, 1455 s, 1159 m, 1011 s, 771 s, 584 w cm�1.


Physical measurements : Elemental analyses were performed on a Perkin ±
Elmer 240 elemental analyzer. The FTIR spectra were recorded from KBr
pellets in the range 400 ± 4000 cm�1 on a Nicolet 5DX spectrometer.
Magnetic susceptibility measurements in the 2 ± 200 K temperature range
were performed on a Maglab System2000 magnetometer. Owing to the
limited solubility of 1 and 2 in DMF, their saturated solutions were used in
cyclic voltammetry and photoluminescent experiments. All potentials
quoted are versus SCE. The reversibility of the redox couples was judged
against the usual criteria. The X-band EPR spectrum of 2 was recorded
with a Bruker EMX spectrometer. The absorption spectra were recorded
with a Perkin-Elmer 5 spectrometer. For the photoluminescence measure-
ment, He-Cd or Ar-ion laser was used as the excitation source with the
maximum power of 5 mW. The emission light of the samples was collected
and detected by a 25 cm focal length double monochromator (Oriel 77225).
For lifetime measurements, the third harmonics, 355 nm line of a Nd:YAG
laser was used as excitation light.


Crystal structure determination : Diffraction intensities were collected at
293 K on a Siemens R3m diffractometer (for 1�, 1�, 1�, 2 and 3) and a
Bruker Smart 1000 CCD diffractometer (for 4) (MoK� , 	� 0.71073 ä).
Lorentz polarization and absorption corrections were applied. The
structures were solved by direct methods (SHELXS-97)[26] and refined by
using full-matrix least-squares technique (SHELXL-97).[27] Analytical
expressions of neutral-atom scattering factors were employed, and
anomalous dispersion corrections were incorporated. In all cases, all non-
hydrogen atoms were refined anistropically and hydrogen atoms of organic
ligands were geometrically placed. The crystallographic data for the six
complexes are listed in Table 1 and the selected interatomic distances and


Table 1. Crystal and structure refinement for complexes 1 ± 4.


1� 1� 1� 2 3 4


empirical formula C24H14Cu2N4O2 C24H14Cu2N4O2 C24H14Cu2N4O2 C28H16Cu2N4O4 C24H16Cu2N4O4 C54H40Cu4N8O10


formula weight 517.47 517.47 517.47 599.53 551.49 1215.10
crystal system monoclinic monoclinic monoclinic monoclinic triclinic monoclinic
space group P21/n P21/n P21/n P21/n P1≈ P21/n
a [ä] 10.651(8) 4.816(2) 11.982(12) 10.465(8) 10.047(8) 9.193(2)
b [ä] 6.180(4) 12.881(10) 11.164(10) 15.279(8) 10.668(7) 17.502(4)
c [ä] 15.079(13) 15.712(11) 14.829(14) 15.425(12) 11.186(7) 15.123(3)
� [�] 79.550(10)
� [�] 94.160(10) 95.25(13) 97.16(2) 104.60(15) 71.76(16) 90.16(3)
� [�] 69.940(10)
V [ä3] 989.9(13) 970.6(11) 1968(3) 2387(3) 1065.9(13) 2433.2(9)
Z 2 2 4 4 2 2
Rint 0.0846 0.0414 0.0486 0.0567 0.0636 0.0343
R1 [I� 2�(I)] 0.0731 0.0500 0.0538 0.0609 0.0667 0.0502
wR2 0.2275 0.1458 0.1356 0.1736 0.2101 0.1326
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angles are given in Table S1 in the Supporting Information. CCDC-170016,
CCDC-170017, and CCDC-179611 to CCDC-179614 contain the supple-
mentary crystallographic data (excluding structure factors) for the struc-
ture reported in this paper. These data can be can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44) 1223-336033; or deposit@ccdc.cam.ac.uk).
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Completely Spirocyclopropanated Macrocyclic Oligodiacetylenes and
Their Permethylated Analogues: Preparation and Properties


Armin de Meijere* and Sergei I. Kozhushkov[a]


Abstract: The acyclic dehydrotrimer
(12) and -hexamer (28) of 1,1-diethyn-
yl-2,2,3,3-tetramethylcyclopropane were
prepared from 1-chloro-1-(trimethylsi-
lylethynyl)-2,2,3,3-tetramethylcyclopro-
pane (4) in six and nine steps, respec-
tively, in 36 and 8% overall yield,
respectively, using Cadiot ±Chodkie-
wicz or Hay coupling procedures as
key steps. Mono-tert-butyldimethylsilyl
(TBDMS) protection of the acyclic de-
hydrotrimer (20) and -hexamer (23) of
1,1-diethynylcyclopropane followed by
Hay coupling and protiodesilylation fur-
nished the acyclic dehydrohexamer (23)
and -dodecamer (29) in 35 and 56%
overall yield, respectively. Subsequent


cyclizing oxidative dimerization of 12 or
cyclization of 28 using a modified Glaser
protocol produced the first completely
permethylspirocyclopropanated macro-
cyclic oligodiacetylene, compound 30 in
49 and 21% yield, respectively. The
cyclic dehydrohexa- (31) and dehydro-
dodecamer (32) have been prepared
from 23 and 29 in 49 and 7% yield by
applying the same protocol. The macro-
cycle 32 is particularly interesting in that


it contains 60 carbon atoms in the inner
ring, and indeed a decomposition mode
consecutively cleaving off ethylene units
from it as well as from 31 and tetrame-
thylethylene from the permethylated
exp-[6]rotane 30 has been proved by
differential scanning calorimetry with
evolved gas analysis. The thermal de-
composition of these ™exploding∫ [6]ro-
tanes 31 and 30 set on at 100 and 135 �C,
respectively, and release energies of 478
and 285 kcal ¥ mol�1, respectively, signif-
icantly more than the energy release of
the explosive hexogen with 143 kcal
mol�1.


Keywords: alkynes ¥ cyclooligome-
rization ¥ small ring systems ¥ spiro
compounds ¥ thermal decomposi-
tion


Introduction


After a rather quiet period following the classical work of
Sondheimer et al.,[1] the synthesis of macrocyclic oligoacety-
lenes with a capacity for cyclic electronic interaction and the
investigation of their properties has become an actively
pursued area of acetylene chemistry again.[2] Among the many
systems studied, the macrocyclic structurally homoconjugated
oligoacetylenes such as the so-called ™pericyclynes∫ 1a,[3, 4]


expanded 2a[5] and spirocyclopropanated pericyclynes 1b,[6]


and expanded [n]rotanes 2b[7] were of special interest to
evaluate the potential effects of homoconjugation and cyclic
homoconjugation, particularly in neutral molecules.[8] The
spirocyclopropanated analogues are more intriguing from this
point of view, as the highest occupied molecular orbitals
(HOMOs) of a cyclopropane ring[9] are much closer in energy
to the �-MOs of an acetylene unit than are the �-MOs of a
gem-dimethylcarbon group.
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der Georg-August-Universit‰t Gˆttingen
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All these compounds are extremely high-energy molecules.
For example, a striking feature common to all of the ™blown-
up∫ [n]rotanes 2b is their shock sensitivity: When struck too
hard with a spatula, a pestle, or a falling ball, they go off with a
flame and yield a cloud of black soot.[7] The composition of the
black soot formed in such destructive processes is of special
interest.[10] For example, not only have amorphous carbon and
graphite, but also ordered tube- and onion-type carbon layers
along with the evolution of methane and hydrogen gas been
detected upon an analogous explosive thermal decomposition
of a cyclic oligoyne with aromatic connectors.[11] However,
only amorphous carbon with small graphitic areas was found
in the explosion products of the butadiyne-expanded [n]ro-
tanes 2b, and traces of C60 fullerene were detected by mass
spectrometry after the explosion of exp-[6]rotane 2b (n�
6).[12] To be able to quantify and identify all of the gaseous
products formed in these explosions,[13] we have elaborated a
new approach to the expanded [n]rotanes 2b as well as some
permethylated analogues 3a, and investigated a possible
synthetic route towards perspirocyclopropanated exp-[n]ro-
tanes 3b. Herein we report the synthetic aspects of these
investigations.


Results and Discussion


According to previous experience,[7] a reasonable approach to
macrocycles of type 3 containing butadiyne moieties is by
oxidative coupling of one, two or more open-chain dehydroo-
ligomers of the corresponding parent 1,4-diyne applying the
CuCl/Cu(OAc)2/pyridine system,[14] and the success then
depends on the availability of an appropriate building block
for the corresponding acyclic dehydrooligomers. The starting
material for the butadiyne-expanded permethylated [n]ro-
tanes 3a, the bromodiethynylcyclopropane 8, was obtained
starting from 1-chloro-1-(trimethylsilylethynyl)tetramethyl-
cyclopropane (4).[15] Lithiation of 4 by halogen ±metal ex-
change with n-butyllithium and subsequent treatment with
dimethylformamide followed by Corey ±Fuchs olefination[16]


and dehydrobromination with potassium tert-butoxide in
tetrahydrofuran, gave 1-(bromoethynyl)-1-(trimethylsilyl-
ethynyl)tetramethylcyclopropane (7) in 51% overall yield.
This diyne was cleanly protiodesilylated to give the 1-bromo-
1,4-diyne 8 (99% yield) (Scheme 1). An analogous access to
the 7,7-diethynyldispiro[2.0.2.1]heptanes 9 and 10 has previ-
ously been published in another context.[17]


Starting from the building blocks 7–10 and 13[7] and using
two standard operations, namely the Cadiot ±Chodkiewicz
coupling via intermediate copper derivatives[18] and protiode-
silylation under various conditions, it was possible to construct
the immediate precursors to the permethylated 3a and
spirocyclopropanated 3b exploded [n]rotanes, namely the
open-chain oligoynes 12, 16, and 17 in 71, 74, and 25% yield,
respectively (Scheme 2). The approach to exploded [n]ro-
tanes of types 2b and 3a by oxidative ring closure of a single
prefabricated open-chain dehydrooligomer would certainly
be far more selective than the previously reported synthesis
by oxidative assembly of more than one building block.[7]


Potential starting materials for this approach containing an


Scheme 1. The basic building blocks for butadiyne-expanded permethy-
lated and perspirocyclopropanated [n]rotanes. a) nBuLi, Et2O, �78 �C,
0.5 h, 20 �C, 1 h, then DMF,�10 �C; b) CBr4, Ph3P, Zn, CH2Cl2, 20 �C, 72 h;
c) tBuOK, THF, �78 �C, 5 h; d) KF ¥ 2H2O, DMF, 20 �C, 3 h.


Scheme 2. Preparation of acyclic 1,1-diethynylcyclopropane dehydrotri-
mers 12, 16 and 17. a) MeLi, Et2O or THF, 0 �C, 1 h, then CuCl, THF, 0 �C,
2 h; b) Py, 20 �C, 5 h; c) KF ¥ 2H2O, DMF/H2O 10:1, 20 �C, 3 h.


even number of 1,1-diethynylcyclopropane units, may be
efficiently prepared from the acyclic dehydrotrimers 12 and
20[7] applying the Hay coupling protocol[19, 20] as a key step
(Scheme 3). The trimethylsilyl residue does not provide
sufficient protection when long-chain acyclic dehydrooligom-
ers of 1,4-diynes are to be made.[7] Deprotonation of 12 and 20
with one equivalent of n-butyllithium followed by treatment
with tert-butyldimethylsilyl chloride furnished the monosily-
lated dehydrotrimers 18 and 21 in 52 and 48% yield,
respectively, along with the bissilylated compounds 19 and
22 (21 and 29% yield, respectively). Partial protiodesilylation
of the latter provided some more 18 and 21 after chromato-
graphic separation, albeit in moderate yields (Scheme 3,
yields of compounds 18, 21, and 24 are given as obtained
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along the routes a and b), as the complete desilylation is a
competing process.


The oxidative dimerization of the monosilylated dehydro-
trimers 18 and 21 according to the Hay coupling protocol
provided the corresponding bisprotected dehydrohexamers
26 and 25 in 76 and 86% yield, respectively. The latter was
subjected to the desilylation ± silylation cycle described above
to give the monoprotected acyclic dehydrohexamer 24 which
was dimerized again to yield the bissilylated dehydrodode-
camer 27 almost quantitatively. All three coupling products
25 ± 27 were completely deprotected to 23, 28, and 29 which
could be used directly for oxidative cyclization. With increas-
ing chain length as well as with the methyl substitution on the
cyclopropane rings the rate of desilylation and the solubility
of the products in all organic solvents decreased significantly.
These problems of solubility of the starting materials as well
as of the products and the limited stabilities of the higher
open-chain deprotected dehydrooligomers make the subse-
quent duplicative stepwise assembly less advantageous.


In close analogy to the previously reported preparation of
the exp-[n]rotanes 2b,[7] the cyclizations and cocyclizations of
11, 12, 28, 23, and 29were performed by adding the solution of
the respective starting material in pyridine over a period of
three days to a slurry of cuprous chloride and cupric acetate in
pyridine, and the reaction mixtures were stirred at ambient
temperature for an additional four days. As protiodesilylation
does occur under the applied conditions,[7] all three acyclic
permethylated dehydrooligomers 11, 12, and 28 were sub-
jected to the cyclization conditions. But cyclodehydrodimeri-
zation of the silylated permethyldehydrotrimer 11 gave a
lower yield of the permethyl-exp-[6]rotane 30 (37%) than
that of its desilylated analogue 12 (49%), and the yield of 30
obtained by oxidative cyclization of the acyclic hexamer 28
was even lower (21%) (Scheme 4). This phenomenon must
have to do with the fact that the acyclic higher permethylated
dehydrooligomers unexpectedly have an increased tendency
to decompose when kept at room temperature in the syringe
pump for extended times. When the acyclic dehydrohexamer
23 was oxidatively cyclized, an increased yield (49%) of the


butadiyne-expanded [6]rotane
31 (cf.[7]) was obtained along
with the expanded [12]rotane
32 (5%) containing an inner
ring of 60 carbon atoms. But the
yield of the latter in its prepa-
ration from the acyclic dehy-
drododecamer 29 (7%) suf-
fered from the fact that the
corresponding starting material
slowly decomposed in solution
in the syringe pump.


Apparently, the current
methodology does not at all
allow one to prepare macrocy-
clic oligodiacetylenes which
would be even more highly
strained than the butadiyne-ex-
panded [n]rotanes 30 ± 32 ; no
cyclic dehydrooligomers were


isolated upon the attempted oxidative coupling of the 7,7-
diethynyldispiro[2.0.2.1]heptane dehydrotrimers 15 and 17.


In the case of the dehydrotrimer 16 with only one
dispiro[2.0.2.1]heptane unit, the residue obtained after


work-up of the reaction mixture exploded violently upon
touching it with a plastic spatula. Column chromatography of
the post-explosion mixture furnished one also highly explo-
sive product in low yield (10%), the NMR data of which
indicated a cyclic structure of type 33, in which one
dispiro[2.0.2.1]heptane moiety had been retained and a
second one had undergone threefold ring opening by formal
addition of chlorine with twofold cyclopropyl to allyl rear-
rangement (Scheme 5). However, it is difficult to say whether


Scheme 3. Preparation of acyclic oligoynes 23, 28, 29 by Hay coupling of 18, 21, 24 and subsequent desilylation.
a) nBuLi (1 equiv), THF, �78 �C, 1 h, then TBDMSCl, �78� 20 �C; b) KOH, nBu4NF, THF, 20 �C, 0.5 ± 72 h;
c) CuCl ¥ TMEDA, O2, acetone, 20 �C, 1 h.


Scheme 4. Two- and one-component assemblies of permethyl-exp-[6]ro-
tane 30 and one-component accesses to exp-[6]rotanes 31, 32. a) CuCl,
Cu(OAc)2, Py, 20 �C, seven days, slow inverse addition of 11, 12, 28, 23 or 29
over three days.
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Scheme 5. Attempted synthesis of spirocyclopropanated butadiyne-ex-
panded [n]rotane from the acyclic precursor 16. a) CuCl, Cu(OAc)2, Py,
20 �C, seven days, slow inverse addition of 16 over three days.


33 was the main reaction product or only a by-product which
survived the explosion.


The cyclic permethyl-exp-[6]rotane 30 was characterized by
its diagnostically simple 1H and 13C NMR spectra (see
Experimental Section). Attempts to determine its molecular
mass by mass spectrometry with any of the available routine
ionization methods (EI, CI, DCI, FD) failed, as the com-
pounds apparently decomposed irregularly in the inlet system
of the mass spectrometer. Its molecular mass could success-
fully be determined by the MALDI-TOF-MS[21] method using
a 9-nitroanthracene matrix, and was found to be 887.9 (30 �
Na: calcd for C66H72Na 888.23). Unfortunately, all attempts to
grow good quality crystals of the compounds 30, 32, and 33 for
X-ray crystal structure analyses were unsuccessful (cf.[7b]).


A more detailed investigation of the thermal behavior of
the ™exploding∫ [n]rotanes by differential scanning calori-
metry (DSC) measurements performed in aluminum crucibles
with a perforated lid under an argon atmosphere[13] revealed
that slow decomposition of exp-[6]rotane 31 starts already at
100 �C and an explosive quantitative decomposition sets on at
154 �C with an energy release of �Hdecomp� 478 kcal ¥ mol�1.
The permethylated exp-[6]rotane 30 is thermally less labile
and its decomposition is moderated with an onset at 135 �C
and a maximum decomposition rate at 194.5 �C with
�Hdecomp� 285 kcal ¥ mol�1. For example, �Hdecomp of the
well-known explosive hexogen (1,3,5-trinitro-1,3,5-triazacy-
clohexane, RDX) determined under similar experimental
conditions was only 143 kcal ¥ mol�1.


Applying an evolved gas analysis (EGA) technique upon
the thermal decomposition of 30 and 31 in different heatable
optical cells with rapid scan FT-IR spectroscopy monitoring,
the formation of only methane, ethylene, and acetylene could
be detected in the case of 31, and the only gaseous product
evolved upon the decomposition of permethyl-exp-[6]rotane
30 was tetramethylethylene. The latter fact leads one to
conclude that the spirocyclopropane moieties in these ex-
panded [n]rotanes fragment only externally and leave carbene
moieties behind. Indeed, the MALDI-TOF mass spectra of
several exp-[n]rotanes 2b show fragment ions withM�� 28.[7a]


Thus, if this fragmentation in an exp-[n]rotane were to
continue n times, a cyclic Cn carbon cluster would be left
over. It remains to be seen, whether a C30 and a C60 cluster 36
and 37, respectively, will be detected in the mass spectrum of


permethylated exp-[6]rotane 30 and exp-[12]rotane 32
(Scheme 6).[22] It will also be of interest to obtain clues about
the structure of carbon clusters generated in this way and their
further fate by such mass spectrometric methods as ™ion
chromatography∫.[23]


Scheme 6. Potential approaches to cyclo-C30 36 and cyclo-C60 37 carbon
clusters.


Experimental Section


General aspects : 1-Chloro-1-(trimethylsilylethynyl)-2,2,3,3-tetramethylcy-
clopropane (4),[15] 7-(bromoethynyl)-7-(trimethylsilylethynyl)dispiro[2.0.2.1]-
heptane (9),[17] 7,7-diethynyldispiro[2.0.2.1]heptane (10),[17] 1-(bromo-
ethynyl)-1-(trimethylsilylethynyl)cyclopropane (13),[7b] and 3:3,8:8,13:13-
trisethanopentadeca-1,4,6,9,11,14-hexayne (20)[7b] were prepared according
to published procedures. All other chemicals were used as commercially
available (Merck, Acroƒ s, BASF, Bayer, Degussa AG, and H¸ls AG). CuCl
was dried before use by heating at 100 �C under reduced pressure (0.1 Torr)
overnight. All reactions were performed under argon. Organic extracts
were dried with MgSO4. All operations in anhydrous solvents were
performed under argon in flame-dried glassware. Anhydrous diethyl ether
and THF were obtained by distillation from sodium benzophenone ketyl,
Me3SiCl from magnesium, acetone from K2CO3, TMEDA, pyridine and
DMF from CaH2, and dichloromethane from P4O10. 1H and 13C NMR:
Spectra were recorded at 250 (1H), and 62.9 (13C, multiplicities were
determined by DEPT (distortionless enhancement by polarization trans-
fer) measurements) MHz with a Bruker AM 250 instrument in CDCl3,
CHCl3/CDCl3 as internal reference; � in ppm, J in Hz. Melting points were
determined on a B¸chi 510 capillary melting point apparatus, values are
uncorrected. TLC analyses were performed on precoated sheets, 0.25 mm
Sil G/UV254 (Macherey-Nagel). Silica gel grade 60, 230–400 mesh, was
used for column chromatography (Merck).


1-Formyl-1-(trimethylsilylethynyl)-2,2,3,3-tetramethylcyclopropane (5): A
solution of 1-chloro-1-(trimethylsilylethynyl)-2,2,3,3-tetramethylcyclopro-
pane (4)[15] (11.44 g, 50 mmol) in anhydrous Et2O (100 mL) was treated
with nBuLi (60 mmol, 23.35 mL of a 2.57 � solution in hexane) at �78 �C.
After stirring for an additional 30 min at this temperature, the solution was
allowed to warm to ambient temperature, stirred for 1 h, and then cooled to
�10 �C. DMF (9.22 mL) was added dropwise, the resulting mixture was
allowed to warm to ambient temperature, poured into ice-cold water
(200 mL) and extracted with Et2O (3� 50 mL). The combined organic
solutions were washed with brine (50 mL), dried, and concentrated under
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reduced pressure to give 5 (11.01 g, 99%) as a colorless solid, which was
used without further purification. An analytical sample was obtained by
crystallization from hexane (m.p. 70 ± 72 �C). 1H NMR: �� 9.68 (s, 1H;
CHO), 1.35 (s, 6H; 2 CH3), 1.29 (s, 6H; 2 CH3), 0.18 ppm (s, 9H; 3 CH3);
13C NMR: �� 0.2 (3 CH3), 20.9, 17.1 (2 CH3), 199.0 (CH), 41.3 (2 C), 103.9,
88.9, 42.4 ppm (C); elemental analysis calcd (%) for C13H22OSi (222.40): C
70.20, H 9.97; found: C 70.44, H 10.19.


1-(2,2-Dibromoethenyl)-1-(trimethylsilylethynyl)-2,2,3,3-tetramethylcy-
clopropane (6): Zinc (14.61 g, 223.5 mmol), triphenylphosphane (58.62 g,
223.5 mmol), and carbon tetrabromide (74.12 g, 223.5 mmol) were mixed in
anhydrous CH2Cl2 (450 mL) at �20 �C, and the mixture then stirred at
room temperature for 30 h. To the resulting mixture, aldehyde 5 (12.43 g,
55.89 mmol) was added, and stirring was continued for an additional 72 h.
The reaction mixture was then poured into pentane (800 mL), and the
insoluble materials were removed by filtration. The insoluble fraction was
carried through two additional cycles of dichloromethane extraction and
pentane precipitation to remove all of the olefinic product. Evaporation of
the solvent under reduced pressure gave compound 6 (15.22 g, 72%) as a
slightly yellow oil in almost pure form. As column chromatography of 6was
accompanied by significant decomposition (up to 80% of the material),
only an analytical sample was purified, Rf� 0.44 (pentane); 1H NMR: ��
6.37 (s, 1H;�CH), 1.20 (s, 6H; 2 CH3), 1.03 (s, 6H; 2 CH3), 0.14 ppm (s, 9H;
3 CH3); 13C NMR: �� 0.3 (3 CH3), 19.6, 18.3 (2 CH3), 134.6 (CH), 30.4 (2
C), 104.8, 96.2, 84.4, 31.5 ppm (C); elemental analysis calcd (%) for
C14H22Br2Si (378.23): C 44.45, H 5.86; found; C 44.11, H 6.13.


1-(Bromoethynyl)-1-(trimethylsilylethynyl)-2,2,3,3-tetramethylcyclopro-
pane (7): Sublimed potassium tert-butoxide (12.43 g, 111 mmol) was added
in portions to a solution of dibromoalkene 6 (20.80g, 55 mmol) in
anhydrous THF (600 mL) at �78 �C over a period of 2 h. The resulting
reaction mixture was stirred at �78 �C for an additional 5 h, and then
poured into H2O (1 L). The aqueous layer was extracted with pentane (3�
300 mL), and the combined extracts were washed with 5% HCl and 5%
NaHCO3 aqueous solutions (400 mL each), water (3� 250 mL), and dried.
After evaporation of the solvent, the crude bromodiyne 7 (15.29 g, 94%)
was purified by column chromatography (120 g of silica gel, 40� 4 cm
column, hexane) to give 7 (11.58 g, 71%) as a slightly yellow semisolid,
Rf� 0.44, m.p. ca. 25 �C; 1H NMR: �� 1.17 (s, 6H; 2 CH3), 1.16 (s, 6H; 2
CH3), 0.14 ppm (s, 9H; 3 CH3); 13C NMR: �� 0.1 (3 CH3), 19.1, 19.0 (2
CH3), 33.0 (2 C), 103.5, 85.4, 78.1, 38.6, 24.3 ppm (C); elemental analysis
calcd (%) for C14H21BrSi (297.30): C 56.55, H 7.12; found: C 56.29, H 7.35.


Cadiot ±Chodkiewicz coupling: general procedure (GP) 1: Methyllithium
(27.6 mmol, 18.0 mL of a 1.53 � solution in Et2O) was added at 0 �C over
30 min to a solution of bromodiacetylene 8 or dicetylene 10 (13.8 mmol) in
anhydrous ether (for 8) or THF (for 10) (50 mL), and the mixture was
stirred at this temperature for additional 30 min. In the case of 8, diethyl
ether was carefully removed under vacuum and replaced by anhydrous
THF (40 mL) at �20 �C. CuCl (2.732 g, 27.6 mmol) was added at �20 �C to
this solution, and the mixture was stirred at 0 �C for an additional 2 h. The
THF was then carefully removed under vacuum (CAUTION : copper
acetylides can be explosive when dry) and replaced by anhydrous pyridine
(80 mL), and a solution of 7 (for 8) or 9, 13 (for 10) in THF (40 mL) was
added dropwise at 0 �C over a period of 2 h. After additional stirring at
20 �C for 3 h, the resulting mixture was poured into ice cold 15% HCl
(160 mL), and the aqueous layer was extracted with CH2Cl2 (3� 300 mL).
The combined extracts were washed with 5% NaHCO3 solution, water
(100 mL each), dried, and concentrated under reduced pressure. The crude
products were taken up with CH2Cl2, preabsorbed on silica gel (20 g) and
purified by column chromatography.


1,15-Bis(trimethylsilyl)-3:3,8:8,13:13-tris(1,1,2,2-tetramethylethano)penta-
deca-1,4,6,9,11,14-hexayne (11): The crude product mixture obtained from
8 (3.11 g, 13.8 mmol) and 7 (8.21 g, 27.6 mmol) according to GP1 gave, after
column chromatography (150 g of silica gel, 40� 4 cm column, hexane/
benzene 4:1), 11 (5.74 g, 72%) as a colorless solid, Rf� 0.42, m.p. 153 ±
155 �C (MeOH/hexane, decomp). 1H NMR: �� 1.19 (s, 24H; 8 CH3), 1.16
(s, 12H; 4 CH3), 0.14 ppm (s, 18H; 6 CH3); 13C NMR: �� 0.1 (6 CH3), 19.3,
19.25, 19.1, (4 CH3), 34.5 (4 C), 103.2, 85.7, 76.1, 74.8, 66.6, 65.9, 36.0, 24.0 (2
C), 24.0 ppm (C); elemental analysis calcd (%) for C39H54Si2 (578.99): C
80.90, H 9.40; found: C 81.06, H 9.52.


1,15-Bis(trimethylsilyl)-3:3,13:13-bisethano-8:8-(bicyclopropyl-1,1�-diyl)-
pentadeca-1,4, 6,9,11,14-hexayne (14): The crude product mixture obtained


from 10[17] (1.35 g, 9.49 mmol) and 7-(bromoethynyl)-7-(trimethylsilylethy-
nyl)cyclopropane (13)[7b] (4.56 g, 18.92 mmol) according to GP1 gave, after
column chromatography (150 g of silica gel, 40� 4 cm column, hexane/
benzene 20:3), 14 (3.27 g, 75%) as a colorless solid, Rf� 0.33, m.p. 130 ±
132 �C (MeOH, decomp); 1H NMR: �� 1.27 (s, 8H; 4 CH2), 1.21 ± 1.10 and
0.95 ± 0.85 (m, AA�BB�, 8H; 4 CH2), 0.16 ppm (s, 18H; 6 CH3); 13C NMR:
�� -0.8 (6 CH3), 21.3, 6.6 (4 CH2), 105.3, 81.5, 79.0, 75.2, 65.0, 61.6, 32.7, 4.0
(2 C), 16.4 ppm (C); elemental analysis calcd (%) for C31H34Si2 (462.78): C
80.46, H 7.41; found: C 80.30, H 7.30.


1,15-Bis(trimethylsilyl)-3:3,8:8,13:13-tris(bicyclopropyl-1,1�-diyl)pentade-
ca-1,4,6,9,11, 14-hexayne (15): The crude product mixture obtained from
10[17] (2.275 g, 16 mmol) and 9[17] (9.385 g, 32 mmol) according to GP1 gave,
after column chromatography (150 g of silica gel, 40� 4 cm column,
hexane/benzene 4:1), 15 (2.73 g, 30%) as a colorless solid, Rf� 0.37, m.p.
177 ± 178 �C (MeOH/CHCl3, decomp); 1H NMR: �� 1.22 ± 1.07 and 0.91 ±
0.86 (m, AA�BB�, 24H; 12 CH2), 0.13 ppm (s, 18H; 6 CH3); 13C NMR: ��
0.1 (6 CH3), 6.72, 6.68, 6.4 (4 CH2), 32.1 (4 C), 102.9, 81.7, 76.7, 75.9, 64.9,
64.4, 16.5, 15.49 ppm (2 C), 15.52 (C); elemental analysis calcd (%) for
C39H42Si2 (566.90): C 82.62, H 7.47; found: C 82.53, H 7.58.


Desilylation of trimethylsilyl-protected acetylenes: general procedure
(GP) 2 : The respective trimethylsilyl-substituted acetylene was added to
a solution of three equivalents of KF ¥ 2H2O per trimethylsilyl group in
DMF, and the reaction mixture was stirred at room temperature for 3 h.
The resulting mixture was poured into water and extracted with benzene
(3� 80 mL). The combined organic layers were washed with 5% HCl, 5%
NaHCO3 solution, H2O (50 mL each), dried, and concentrated under
reduced pressure. The products were purified as indicated below.


1-(Bromoethynyl)-1-ethynyl-2,2,3,3-tetramethylcyclopropane (8): The re-
action mixture obtained from the desilylation of 7 (4.0 g, 13.45 mmol) with
KF ¥ 2H2O (3.90 g, 41.4 mmol) in DMF (50 mL) according to GP2 gave
essentially pure 8 (3.0 g, 99%) as a colorless oil, which was used without
further purification. An analytical sample was obtained by column
chromatography (hexane/benzene 3:1, Rf� 0.41); m.p. 33 ± 35 �C;
1H NMR: �� 2.13 (s, 1H; �CH), 1.18 (s, 6H; 2 CH3), 1.17 ppm (s, 6H; 2
CH3); 13C NMR: �� 19.1, 19.0 (2 CH3), 81.5 (CH), 32.6 (2 C), 78.0, 69.0,
38.7, 23.9 ppm (C); elemental analysis calcd (%) for C11H13Br (225.12): C
56.68, H 5.82; found: C 56.41, H 5.89.


3:3,8:8,13:13-Tris(1,1,2,2-tetramethylethano)pentadeca-1,4,6,9,11,14-hexa-
yne (12): The reaction mixture obtained from the desilylation of 11 (8.53 g,
14.73 mmol) with KF ¥ 2H2O (8.32 g, 88.38 mmol) in DMF (250 mL)
according to GP2 gave essentially pure 12 (6.28 g, 98%) as a colorless
solid, which was used without further purification. An analytical sample
was obtained by column chromatography, Rf� 0.38 (hexane/benzene 3:1);
m.p. 150 ± 153 �C (decomp.); 1H NMR: �� 2.15 (s, 2H; 2 �CH), 1.21 (s,
12H; 4 CH3), 1.19 ppm (s, 24H; 8 CH3); 13C NMR: �� 19.3, 19.2, 19.1 (4
CH3), 81.3 (2 CH), 34.1 (4 C), 85.0, 76.0, 69.3, 66.4, 66.0, 36.1, 22.9 (2 C),
24.0 ppm (C); elemental analysis calcd (%) for C33H38 (434.63): C 91.19, H
8.81; found: C 90.87, H 9.06.


3:3,13:13-Bisethano-8:8-(bicyclopropyl-1,1�-diyl)pentadeca-1,4,6,9,11,14-
hexayne (16): The reaction mixture obtained from the desilylation of 14
(3.19 g, 6.9 mmol) with KF ¥ 2H2O (3.90 g, 41.4 mmol) in DMF (50 mL)
according to GP2 gave essentially pure 16 (2.15 g, 98%) as a colorless solid,
which was used without further purification. An analytical sample was
obtained by crystallization from wet MeOH; m.p. 102 ± 104 �C; 1H NMR:
�� 1.98 (s, 2H; 2�CH), 1.28 (s, 8H; 4 CH2), 1.21 ± 1.16 and 0.89 ± 0.85 ppm
(m, AA�BB�, 8H; 4 CH2); 13C NMR: �� 20.6, 6.6 (4 CH2), 83.8 (2 CH),
78.6, 75.3, 65.4, 64.8, 62.0, 32.8, 3.0 (2 C), 16.3 ppm (C); elemental analysis
calcd (%) for C25H18 (318.39): C 94.30, H 5.70; found: C 93.78, H 5.11.


Preparation of tert-butyldimethylsilyl-protected acetylenes: general pro-
cedure (GP) 3 : nBuLi (10 mmol, 6.62 mL of a 1.51� solution in hexane) at
�78 �C was added over 30 min to a solution of the respective oligoacety-
lene 12, 20, or 23 (10 mmol) in anhydrous THF (250 mL), and the resulting
mixture was stirred for an additional 30 min. After this, tert-butyldime-
thylsilyl chloride (TBDMSCl) (1.58 g, 10.5 mmol) was added in one portion
as a 50% solution in toluene, and the reaction mixture was allowed to warm
to ambient temperature. After 15 min of stirring at this temperature, the
mixture was poured into ice-cold water (200 mL) and extracted with
CH2Cl2 (3� 100 mL). The combined organic layers were washed with 5%
NaHCO3 solution (100 mL), H2O (100 mL), dried, and concentrated under
reduced pressure. The residue was taken up with benzene and adsorbed on
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silica gel (20 g). The products were separated by column chromatography
on silica gel.


Monoprotection of 3:3,8:8,13:13-tris(1,1,2,2-tetramethylethano)pentadeca-
1,4,6,9,11,14-hexayne (12): Column chromatography (200 g of silica gel,
40� 4 cm column, hexane/benzene 3:1) of the crude product mixture
obtained from the oligoyne 12 (4.65 g, 10.7 mmol) and TBDMSCl (1.69 g,
11.2 mmol) according to GP3 gave the starting material 12 (464 mg, 10%,
Rf� 0.39), 1-(tert-butyldimethylsilyl)-3:3,8:8,13:13-tris(1,1,2,2-tetramethyl-
ethano)pentadeca-1,4,6,9,11,14-hexayne (18) (3.057 g, 52%), and 1,15-
bis(tert-butyldimethylsilyl)-3:3,8:8,13:13-tris(1,1,2,2-tetramethylethano)-
pentadeca-1,4,6,9,11,14-hexayne (19) (1.49 g, 21%).


18 : colorless solid; Rf� 0.52; m.p. 143 ± 145 �C (MeOH/CHCl3, decomp);
1H NMR: �� 2.14 (s, 1H;�CH), 1.20 (s, 12H; 4 CH3), 1.19 (s, 18H; 6 CH3),
1.18 (s, 6H; 2 CH3), 0.91 (s, 9H; 3 CH3), 0.08 ppm (s, 6H; 2 CH3); 13C NMR:
�� 19.4, 19.3 (4 CH3), 26.1 (3 CH3), 19.2, 19.1, �4.4 (2 CH3), 83.8 (CH),
36.1, 34.7, 34.1 (2 C), 103.6, 81.3, 76.3, 75.9, 75.0, 74.7, 69.3, 66.6, 66.4, 66.0,
65.8, 24.1, 24.0, 22.9, 16.6 ppm (C); elemental analysis calcd (%) for
C39H52Si (548.90): C 85.33, H 9.55; found: C 84.65, H 9.46.
19 : colorless solid; Rf� 0.62; m.p. 165 ± 166 �C (MeOH/CHCl3, decomp);
1H NMR: �� 1.19 (s, 24H; 8 CH3), 1.18 (s, 12H; 4 CH3), 0.91 (s, 18H; 6
CH3), 0.08 ppm (s, 12H, 4 CH3); 13C NMR: �� 26.1 (6 CH3), 19.33, 19.28,
19.2, �4.4 (4 CH3), 34.6 (4 C), 103.6, 83.8, 76.2, 74.8, 66.6, 65.8, 36.0, 24.1,
16.6 (2 C), 24.0 ppm (C); elemental analysis calcd (%) for C45H66Si2
(663.15): C 81.50, H 10.03; found: C 81.72, H 10.09.


Monoprotection of 3:3,8:8,13:13-trisethanopentadeca-1,4,6,9,11,14-hexa-
yne (20): Column chromatography (100 g of silica gel, 40� 3 cm column,
hexane/benzene 3:1) of the crude product mixture obtained from the
oligoyne 20[7b] (2.67 g, 10 mmol) and TBDMSCl (1.58 g, 10.5 mmol)
according to GP3 gave the starting material 20 (400 mg, 15%, Rf� 0.27),
1-(tert-butyldimethylsilyl)-3:3,8:8,13:13-trisethanopentadeca-1,4,6,9,11,14-
hexayne (21) (1.827 g, 48%), and 1,15-bis(tert-butyldimethylsilyl)-3:3,8:8,
13:13-trisethanopentadeca-1,4,6,9,11,14-hexayne (22) (1.44 g, 29%).


21: colorless oil; Rf� 0.38; 1H NMR: �� 1.98 (s, 1H;�CH), 1.30 (s, 4H; 2
CH2), 1.27 (s, 4H; 2 CH2), 1.26 (s, 4H; 2 CH2), 0.89 (s, 9H; 3 CH3), 0.06 ppm
(s, 6H; 2 CH3); 13C NMR: �� 26.0 (3 CH3),�4.7 (2 CH3), 21.4, 21.3, 20.6 (2
CH2), 83.6 (CH), 105.9, 79.7, 79.1, 78.6, 77.5, 77.1, 65.8, 62.5, 62.3, 61.7, 61.3,
16.5, 4.0, 3.8, 2.9 ppm (C); elemental analysis calcd (%) for C27H28Si
(380.58): C 85.21, H 7.42; found: C 84.91, H 7.58.


22 : colorless solid; Rf� 0.51; m.p. 99 ± 100 �C (MeOH/CHCl3, decomp);
1H NMR: �� 1.30 (s, 4H; 2 CH2), 1.27 (s, 8H; 4 CH2), 0.89 (s, 18H; 6 CH3),
0.05 ppm (s, 12H; 4 CH3); 13C NMR: �� 26.0 (6 CH3),�4.7 (4 CH3), 21.4 (4
CH2), 21.3 (2 CH2), 105.9, 79.8, 79.1, 77.2, 62.5, 61.3, 16.6, 4.0 (2 C), 3.8 ppm
(C); elemental analysis calcd (%) for C33H42Si2 (494.84): C 80.09, H 8.56;
found: C 79.95, H 8.73.


Monoprotection of 3:3,8:8,13:13,18:18,23:23,28:28-hexakisethanotriacon-
ta-1,4,6,9,11,14,16,19,21,24,26,29-dodecayne (23): Column chromatography
(300 g of silica gel, 20� 7 cm column, hexane/benzene 1:1) of the crude
product mixture obtained from the oligoyne 23 (2.39 g, 4.5 mmol) and
TBDMSCl (712 mg, 4.7 mmol) according to GP3 gave the starting material
23 (188 mg, 8%, Rf� 0.38), 1-(tert-butyldimethylsilyl)-3:3,8:8,13:13,18:18,
23:23,28:28-hexakisethanotriaconta-1,4,6,9,11,14,16,19,21,24,26,29-dodeca-
yne (24) (1.81 g, 62%), and 1,30-bis(tert-butyldimethylsilyl)-3:3,8:8,13:13,
18:18,23:23,28:28-hexakisethanotriaconta-1,4,6,9,11,14,16,19,21,24,26,29-
dodecayne (25) (686 mg, 20%).


24 : colorless solid; Rf� 0.49; m.p. 125 ± 127 �C (MeOH/CHCl3, decomp);
1HNMR: ��� 1.88 (s, 1H;�CH), 1.21 (s, 16H; 8 CH2), 1.19 (s, 4H; 2 CH2),
1.18 (s, 4H; 2 CH2), 0.81 (s, 9H; 3 CH3), 0.03 ppm (s, 6H; 2 CH3); 13C NMR:
�� 26.0 (3 CH3), �4.7 (2 CH3), 21.36 (6 CH2), 21.32 (4 CH2), 20.6 (2 CH2),
83.5 (CH), 62.3, 3.7 (4 C), 77.56, 65.5 (3 C), 105.8, 79.7, 79.0, 78.6, 77.7, 77.6,
77.2, 77.0, 62.6, 62.4, 62.2, 61.7, 61.4, 4.0, 2.9 ppm (C).


25 : colorless solid; Rf� 0.57; m.p. 142 ± 144 �C (MeOH/CHCl3, decomp);
1H NMR: �� 1.30 (s, 16H; 8 CH2), 1.27 (s, 8H; 4 CH2), 0.89 (s, 18H; 6
CH3), 0.05 ppm (s, 12H; 4 CH3); 13C NMR: �� 26.0 (6 CH3),�4.7 (4 CH3),
21.44, 21.39, 21.3 (4 CH2), 77.6, 62.2, 3.8 (4 C), 105.1, 79.7, 79.1, 77.8, 77.6,
62.5, 62.2, 61.3, 16.5, 4.0 ppm (2 C); elemental analysis calcd (%) for
C54H54Si2 (759.15): C 85.43, H 7.17; found: C 85.60, H 7.31.


Desilylation of tert-butyldimethylsilyl-protected acetylenes: general pro-
cedure (GP) 4 : An aqueous 2 � KOH solution (2 mL) and TBAF (2 mL of
a 1� solution in THF) were added to a solution of the respective
bisprotected oligoyne 19, 22, 25 ± 27 (7 mmol) in THF (100 mL), and the


resulting mixture was vigorously stirred at ambient temperature with TLC
monitoring for the indicated time. After this, the resulting mixture was
poured into half-saturated aqueous NH4Cl solution (150 mL) and extracted
with THF (3� 150 mL or 3� 500 mL for 26, 27). The combined organic
layers were washed with 5% NaHCO3 solution, H2O (100 mL each), dried,
and concentrated under reduced pressure. The residue was taken up with
THF, adsorbed on silica gel (20 g) and separated by column chromato-
graphy on silica gel (GP4a) or purified as indicated below (GP4b).


Partial desilylation of 1,15-bis(tert-butyldimethylsilyl)-3:3,8:8,13:13-
tris(1,1,2,2-tetramethylethano)pentadeca-1,4,6,9,11,14-hexayne (19): Col-
umn chromatography (100 g of silica gel, 40� 3 cm column, hexane/
benzene 3:1) of the crude product mixture obtained from the oligoyne 19
(1.52 g, 2.29 mmol) according to GP4a (4.5 h) gave unreacted 19 (382 mg,
25%), monoprotected oligoyne 18 (391 mg, 31%), and completely
deprotected 12 (298 mg, 30%).


Partial desilylation of 1,15-bis(tert-butyldimethylsilyl)-3:3,8:8,13:13-tris-
ethanopentadeca-1,4,6,9,11,14-hexayne (22): Column chromatography
(100 g of silica gel, 40� 3 cm column, hexane/benzene 3:1) of the crude
product mixture obtained from the oligoyne 22 (3.55 g, 7.17 mmol)
according to GP4a (30 min) gave unreacted 22 (854 mg, 24%), mono-
protected oligoyne 21 (820 mg, 30%), and completely deprotected 20
(668 mg, 35%).


Partial desilylation of 1,30-bis(tert-butyldimethylsilyl)-3:3,8:8,13:13,18:18,
23:23,28:28-hexakisethanotriaconta-1,4,6,9,11,14,16,19,21,24,26,29-dodeca-
yne (25): Column chromatography (100 g of silica gel, 40� 3 cm column,
hexane/benzene 1:1) of the crude product mixture obtained from the
oligoyne 25 (743 mg, 0.98 mmol) according to GP4a (40 min) gave
unreacted 25 (75 mg, 10%), monoprotected oligoyne 24 (160 mg, 25%),
and completely deprotected 23 (105 mg, 20%).


Desilylation of 1,30-bis(tert-butyldimethylsilyl)-3:3,8:8,13:13,18:18,23:23,
28:28-hexakis(1,1,2,2-tetramethylethano)triaconta-1,4,6,9,11,14,16,19,21,
24,26,29-dodecayne (26): The crude product obtained from protected
oligoyne 26 (4.68 g, 4.27 mmol) according to GP4b (72 h) was crystallized
from CHCl3 to give 28 (2.08 g, 56%) as a colorless powder; m.p. �154 �C
(decomp); 1H NMR: �� 2.14 (s, 2H; 2 �CH), 1.20 (s, 18H; 6 CH3),
1.18 ppm (s, 54H; 18 CH3); 13C NMR: �� 19.3 (16 CH3), 19.2, 19.1 (4 CH3),
84.3 (2 CH), 36.3, 36.2, 34.1 (4 C), 81.3, 77.6, 76.0, 75.2, 69.3, 67.9, 66.4, 66.3,
66.0, 26.1 25.6, 24.0 ppm (2 C); elemental analysis calcd (%) for C66H74


(867.28): C 91.40, H 8.60; found: C 90.99, H 8.95.


Desilylation of 1,30-bis(tert-butyldimethylsilyl)-3:3,8:8,13:13,18:18,23:23,
28:28-hexakisethanotriaconta-1,4,6,9,11,14,16,19,21,24,26,29-dodecayne
(25): The crude product obtained from the protected oligoyne 25 (2.04 g,
2.68 mmol) according to GP4b (2 h) was crystallized fromMeOH/CHCl3 to
give 23 (1.19 g, 84%) as a colorless powder; explosion point 140 �C;
1H NMR: �� 1.98 (s, 2H; 2�CH), 1.30 (s, 16H; 8 CH2), 1.28 ppm (s, 8H; 4
CH2); 13C NMR: �� 21.38, 21.36, 20.7 (4 CH2), 83.7 (2 CH), 65.5, 3.8 (4 C),
78.7, 77.72, 77.66, 77.4, 77.2, 62.33, 62.25, 62.2, 61.7, 3.0 ppm (2 C); elemental
analysis calcd (%) for C42H26 (530.63): C 95.06, H 4.94; found: C 94.86, H
5.24.


Desilylation of 1,60-bis(tert-butyldimethylsilyl)-3:3,8:8,13:13,18:18,23:23,
28:28,33:33,38:38,43:43,48:48,53:53,58:58-dodecakisethanohexaconta-1,4,
6,9,11,14,16,19,21,24,26,29,31,34,36,39,41,44,46,49,51,54,56,59-tetracosayne
(27): Almost pure 3:3,8:8,13:13,18:18,23:23,28:28,33:33,38:38,43:43,48:48,
53:53,58:58-dodecakisethanohexaconta-1,4,6,9,11,14,16,19,21,24,26,29,31,
34,36,39,41,44,46,49,51,54,56,59-tetracosayne (29) (1.64 g, 95%) was ob-
tained as a colorless powder from protected oligoyne 27 (2.10 g, 1.63 mmol)
according to GP4b (1 h). An analytical sample was obtained by crystal-
lization from CHCl3; � 130 �C (decomp); 1H NMR: �� 1.99 (s, 2H;
2�CH), 1.31 (br s, 32H; 16 CH2), 1.29 (s, 8H; 4 CH2), 1.25 ppm (s, 8H; 4
CH2); 13C NMR: �� 21.4 (br, 20 CH2), 20.7 (4 CH2), 84.1 (2 CH), 77.8, 62.3,
3.8 (several indistinguishable C), 78.8, 77.2, 65.5, 3.0 ppm (2 C); elemental
analysis calcd (%) for C84H50 (1059.24): C 95.24, H 4.76; found: C 95.30, H
5.15.


Hay coupling: general procedure (GP) 5 : A solution of TMEDA ¥CuCl
(freshly prepared from TMEDA (1.56 g, 2.02 mL, 13.38 mmol) and CuCl
(4.04 g, 40.8 mmol) in anhydrous acetone (70 mL) according to the
published procedure[24]) was added to a solution of the respective
monoprotected oligoacetylene 18, 21, or 24 (13.43 mmol) in anhydrous
acetone (120 mL), and an intensive stream of anhydrous oxygen was passed
through the resulting mixture with stirring at ambient temperature for 1 h.
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After this, the resulting mixture was poured into a 1:1 half-saturated NH4Cl
solution (150 mL) and extracted with THF (3� 100 mL). The combined
organic layers were washed with 5%HCl, 5% NaHCO3 solutions and H2O
(100 mL each), dried, and concentrated under reduced pressure. The
residue was crystallized from amixture of MeOH/CHCl3 (25, 26) or washed
with Et2O (27).


1,30-Bis(tert-butyldimethylsilyl)-3:3,8:8,13:13,18:18,23:23,28:28-hexakis(1,
1,2,2-tetramethylethano)triaconta-1,4,6,9,11,14,16,19,21,24,26,29-dodeca-
yne (26): From the TBDMS-protected oligoyne 18 (4.83 g, 8.8 mmol), 26
(3.67 g, 76%) was obtained according to GP5 after crystallization as a
colorless solid; m.p. 151 ± 154 �C (MeOH/CHCl3, decomp); 1H NMR: ��
1.23 (s, 12H; 4 CH3), 1.17 (br s, 60H; 20 CH3), 0.88 (s, 18H; 6 CH3),
0.06 ppm (s, 12H; 4 CH3); 13C NMR: �� 19.3 (16 CH3), 26.0 (6 CH3), 19.21,
19.15,�4.5 (4 CH3), 36.2, 36.1, 36.0 (4 C), 103.5, 83.7, 76.2, 75.2, 75.11, 75.10,
74.6, 69.4, 69.2, 66.6, 66.4, 65.7, 25.5, 24.0, 23.9, 16.5 ppm (2 C); elemental
analysis calcd (%) for C78H102Si2 (1095.78): C 85.49, H 9.38; found: C 85.18,
H 9.51.


1,30-Bis(tert-butyldimethylsilyl)-3:3,8:8,13:13,18:18,23:23,28:28-hexakise-
thanotriaconta-1,4,6,9,11,14,16,19,21,24,26,29-dodecayne (25): From the
TBDMS-protected oligoyne 21 (5.10 g, 13.4 mmol), 25 (4.36 g, 86%) was
obtained according to GP5 after crystallization as a colorless solid.


1,60-Bis(tert-butyldimethylsilyl)-3:3,8:8,13:13,18:18,23:23,28:28,33:33,38:38,
43:43,48:48,53:53,58:58-dodecakisethanohexaconta-1,4,6,9,11,14,16,19,21,24,
26,29,31,34,36,39,41,44,46,49,51,54,56,59-tetracosayne (27): From the
TBDMS-protected oligoyne 24 (1.94 g, 3.0 mmol), 27 (1.84 g, 95%) was
obtained according to GP5 as a colorless solid; m. p. 165 ± 168 �C (MeOH/
CHCl3, decomp); 1H NMR: �� 1.31 (br s, 48H; 24 CH2), 0.89 (s, 18H; 6
CH3), 0.06 ppm (s, 12H; 4 CH3); 13C NMR: �� 26.0 (6 CH3),�4.7 (4 CH3),
21.4 (br s, 24 CH2), 3.8 (10 C), 105.9, 79.8, 79.1, 77.2, 62.6, 61.32, 53.7, 16.6, 4.0
(2 C), 62.55, 62.26 ppm (several C); elemental analysis calcd (%) for
C96H78Si2 (1287.75): C 89.53, H 6.11; found: C 89.40, H 6.21.


Oxidative coupling of oligoacetylenes: general procedure (GP) 6 : A
solution of the respective oligoacetylene (3.75 mmol) in anhydrous
pyridine (50 mL) was added dropwise over 72 h to a slurry of CuCl
(5.72 g, 57.77 mmol) and Cu(OAc)2 (14.39 g, 79.22 mmol) in anhydrous,
oxygen-free pyridine (1250 mL) at 20 �C. The reaction mixture was stirred
for an additional four days, and then concentrated HCl (1250 mL) was
added at �5 to �10 �C; during this addition the reaction mixture was
cooled with a dry ice/acetone bath. The aqueous layer was extracted with
CH2Cl2 (4� 250 mL), and the combined extracts were washed with ice-cold
5% HCl (2� 250 mL), 5% NaHCO3 solution, water (250 mL each), dried
and concentrated under reduced pressure. The products were isolated by
crystallization from an appropriate solvent or taken up with THF, adsorbed
on silica gel and purified by column chromatography on silica gel.
(CAUTION : the isolated products should neither be heated too high nor
scratched with a spatula too harshly, as they may suddenly decompose to
leave only black soot).


1,1,2,2,9,9,10,10,16,16,17,17,23,23,24,24,30,30,31,31,37,37,38,38-Tetracosa-
methylhexaspiro[2.4.2.4.2.4.2.4.2.4.2.4]dotetraconta-4,6,11,13,18,20,25,27,
32,34,39,41-dodecayne (30): a) The reaction mixture obtained from 11
(1.74 g, 3.0 mmol) according to GP6 was adsorbed on 20 g of silica gel from
THF (50 mL) and purified by chromatography on silica gel (200 g, 30�
7 cm column, hexane/benzene 3:1) to give 30 (480 mg, 37%) as a colorless
powder, Rf� 0.29, m.p. 194.5 �C (decomp; DSC). 1H NMR (C6D6): �


�1.03 ppm (s, 72H, 24 CH3); 13C NMR (C6D6): ��19.2 (24 CH3), 76.1, 67.8,
35.7 (12 C), 24.9 ppm (6 C);MS (MALDI-TOF):m/z (%): 887.9 (100) [M�
Na�]; calcd. for C66H72Na: 888.23. b) The crude product mixture obtained
from 12 (1.09 g, 2.5 mmol) according to GP6 was adsorbed on 20 g of silica
gel from THF (50 mL) and purified by chromatography on silica gel (200 g,
30� 7 cm column, hexane/benzene 3:1) to give 30 (531 mg, 49%). c) The
crude product mixture obtained from 28 (2.15 g, 2.48 mmol) according to
GP6 was adsorbed on 40 g of silica gel from THF (100 mL) and purified by
chromatography on silica gel (300 g, 30� 7 cm column, hexane/benzene
2:1) to give 30 (448 mg, 21%), Rf� 0.46.


Hexaspiro[2.4.2.4.2.4.2.4.2.4.2.4]dotetraconta-4,6,11,13,18,20,25,27,32,34,
39,41-dodecayne (31) and dodecaspiro[2.4.2.4.2.4.2.4.2.4.2.4.2.4.2.4.2.4.2.4.
2.4.2.4]tetraoctaconta-4,6,11,13,18,20,25,27,32,34,39,41,46,48,53,55,60,62,67,
69,74,76,81,83-tetracosayne (32): a) The crude product mixture obtained
from 23 (955 mg, 1.8 mmol) according to GP6 was adsorbed on 20 g of silica
gel from THF (100 mL) and purified by chromatography on silica gel


(200 g, 30� 7 cm column, hexane/benzene 1:1) to give 31 (468 mg, 49%),
Rf� 0.38, and 32 (48 mg, 5%), Rf� 0.16. Their physical and spectroscopic
properties were identical to the published ones.[7b] b) The crude product
mixture obtained from 29 (1.06 g, 1.0 mmol) according to GP6 was
adsorbed on 20 g of silica gel from THF (100 mL) and purified by
chromatography on silica gel (200 g, 30� 7 cm column, hexane/benzene
1:1) to give 31 (73 mg, 7%).


Oxidative coupling of 3:3,13:13-bisethano-8:8-(bicyclopropyl-1,1�-diyl)-
pentadeca-1,4,6,9,11,14-hexayne (16): The residue obtained from 16
(1.26 g, 3.96 mmol) according to GP6 exploded violently upon touching it
with a plastic spatula. The post-explosion mixture was taken up in THF
(50 mL), adsorbed on silica gel (20 g) and purified by chromatography on
silica gel (200 g, 30� 7 cm column, hexane/benzene 2:1) to give, according
to its 1H and 13C NMR spectra, 26,26-bis(3-chloropropen-2-yl)heptaspiro-
[2.0.2.0.4.2.4.2.9.2.4.2.4]tetratetraconta-8,10,15,17,22,24,27,29,34,36,41,43-
dodecayne (33) (135 mg, 10%); Rf� 0.27; 1H NMR: �� 4.65 (br s, 2H;
�CH2), 4.51 (br s, 2H;�CH2), 3.23 (br s, 4H; 2 CH2Cl), 1.29 (s, 16H; 8
CH2), 1.18 ± 1.10 and 0.92 ± 0.88 ppm (m, AA�BB�, 8H; 4 CH2); 13C NMR
(C6D6): �� 21.1, 20.8, 16.4 (4 CH2), 101.6, 45.7 (2 CH2), 80.2, 78.2, 77.0, 69.2,
63.5, 63.1, 4.3 (4 C), 150.0, 70.1 (2 C), 40.0, 16.3 ppm (C).
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Generic Phase Behavior of Branched-Chain Phospholipid Monolayers
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Abstract: Monolayers of chemically
modified triple-chain phospholipids
have been investigated at the air/water
interface using pressure ± area iso-
therms. The condensed phases of the
lipids were characterized by grazing
incidence X-ray diffraction (GIXD).
Increasing chain length corresponds to
a temperature effect, which was quanti-
fied for different lipids, depending on
the head group structure using isotherm
(two-dimensional systems) and DSC


(three-dimensional systems) measure-
ments. The combination of structure
investigations revealed generic phase
diagrams, which describe the phase
behavior of multiple-chain lipids in two
dimensions. For the 1-acyl-2-O-alkyl
phospholipids, the generic phase dia-


gram exhibits only L2d, LS and LE
phases while the exchange of the posi-
tion of the branched acyl and the non-
branched alkyl chains at the glycerol
backbone leads to a much richer poly-
morphism (L2h, L2d, Ov, LS, S, �, LE).
Here we present the first experimental
evidence of the unusual � phase for
multiple-chain lipid monolayers. This
phase exhibits an undistorted in-plane
lattice despite of tilted chains.


Keywords: nano monolayers ¥
structures ¥ phase diagrams ¥
phospholipids ¥ X-ray diffraction


Introduction


Phospholipids as major building blocks of biological mem-
branes have been continuously studied over the last decades
using a variety of approaches. Under physiological conditions,
they build a liquid crystalline matrix in aqueous dispersions.[1]


From a physicochemical point of view, their ability to form
various structured mesophases in a self-organizing manner,
such as multilayers, non-lamellar phases or monolayers at
interfaces is of particular interest.


Langmuir monolayers at the air/liquid interface are ex-
cellent model systems for studying ordering in two dimen-
sions. The liquid surface is ideally smooth and many
thermodynamical variables can be directly controlled. Addi-
tionally, intramonolayer and monolayer-subphase interac-
tions can be easily varied by changing the chemical structure
of the amphiphilic molecules or by changing the subphase
composition (pH, ions, surface active molecules such as
enzymes or proteins). Langmuir monolayers exhibit a rich


polymorphism which can be easily investigated by numerous
techniques.[1±5] Pressure/area isotherm measurements provide
a straightforward physicochemical characterization since
molecular area and lateral pressure are directly accessible.
At certain temperatures, typical lipids such as single chain
fatty acids or double chain phospholipids reveal a gas-
analogous phase at very large molecular areas; with com-
pression liquid-expanded (LE) and -condensed (LC) phases
can be observed. The first-order phase transition between LE
and LC results in a plateau region in the pressure/area
isotherms, while kinks indicate higher order transitions
between condensed phases. Using X-ray diffraction tech-
niques the structures of different condensed phases have been
characterized within ä resolution; this supports the occur-
rence of the kinks as phase transitions between condensed
phases differing in tilt angle, tilt direction, lattice spacings and
lattice distortion.[6±9] As expected, it was shown that these
structural parameters depend systematically on the chemical
nature of the amphiphiles.[10±14]


Moreover, Langmuir monolayers at the air/water interface
are very useful model systems for membrane biophysics, since
biological membranes can be considered as two weakly
coupled monolayers. They are successfully used for studies
of chemical and biological reactions at interfaces.[15] In
general, model membrane studies with phospholipids can be
performed using either lipid extracts from natural sources or
synthetic single components. The latter is advantageous for
the use of systematic chemical approaches to modify specific
parts of the molecules in order to understand the molecular
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interactions involved in the structure formation as well as in
structure ± function relationships.[16] Therefore, chemically
modified lipids have been prepared with variations in the
head group and chain regions. Branched-chain lipids are of
particular interest in such investigations not only because they
are found in nature,[17] but also because they allow systematic
studies of general features which determine the structure in
model membranes.[12±14, 18±22] For example, branchings in the
fatty acid chains have a strong influence on the physicochem-
ical properties of the corresponding phospholipids. Short-
chain branchings disturb the lateral packing and shift the
main-phase transition temperature to lower values similar to
the effect of double bonds, but without the problem of
forming lipid oxidation products. The isoprenoid pattern of
methyl-branchings in archaebacterial lipids is responsible for
the higher stability against proton permeability and also for
fluidity of membrane-spanning bipolar lipids.[23]


Long branches in the hydrophobic region have gained our
interest because they enable systematic changes in the area
requirements of the two parts of amphiphilic molecules that
leads to a change in molecular shape and therefore to the
appearance of non-lamellar phases.[10, 24]


Detailed studies on homologous series of single-chain fatty
acid monolayers elucidated the correlation between chemical
structure (e.g. aliphatic chain length) and polymorphism. The
phase transition lines of monolayers of fatty acids were
matched on a common phase diagram by systematically
shifting the temperature axis.[25] For example, a fixed shift of
the temperature axis by 5 �C per methylene group is required
for chain lengths between C16 and C22. This means, that
molecules differing only in the chain length exhibit the same
phase sequence but at different temperatures. From these
investigations, a generic phase diagram[25, 26] and a detailed
thermodynamic and structural correspondence between mono-
layers formed of molecules with different chain lengths were
found. Based on the Landau theory[27] theoretical consider-
ations were applied to describe the phase transitions and the
relations between the structures of different phases in terms
of coupling of a limited number
of order parameters.[28, 29]


Although substantial effort
was made in describing the
physicochemical parameters
and structures of condensed
monolayers of chemically
modified multiple-chain phos-
pholipids, a more general ap-
proach to the relation between
chemical structure and mono-
layer behavior is still missing.
The aim of the present study is
to provide a generalized de-
scription of the monolayer be-
havior of lipids that have been
systematically modified in the
head group and chain regions.
Based on this analysis, generic
phase diagrams of multiple-
chain lipids are derived.


Results and Discussion


The chemical structures of the phospholipids used in this
study are summarized in Table 1. All triple-chain phospholip-
ids form stable monolayers at the air/water interface in a wide
range of temperature. Starting at low temperatures, the lipids
exhibit fully condensed isotherms and with increasing temper-
ature, the typical first-order transition from a liquid-expanded
(LE) to a condensed phase (LC) appears. The transition
pressure (�C) increases with increasing temperature and the
area change (�A) involved in the transition decreases.


Figure 1 shows the isotherms for compounds 1 and 2
differing in the length of the branched fatty acid chains. The
increase of the chain length (e.g. compound 2 compared with
1) has the same effect as a decrease in temperature. From the
area change �A it is possible to derive information about the
transition enthalpy �H using a modified Clausius ±Clapeyron
equation.[30] Figure 2 gives the enthalpy (�H) and the pressure


Table 1. Chemical structures of the compounds investigated.


Compound n R1 R2


1 1 -C16H33 -C14H29


2 1 -C16H33 -C16H33


3 2 -C16H33 -C14H29


4 2 -C16H33 -C16H33


5 3 -C16H33 -C14H33


Compound R1 R2


6 -C16H33 -C14H29


7 -C16H33 -C16H33


Figure 1. Surface pressure/molecular area isotherms of compounds 1 (left) and 2 (right) at different temperatures
as indicated.
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Figure 2. Transition pressure �C (compound 1: �, compound 2 : �) and
enthalpy �H (compound 1: �, compound 2 : �) of the main transition (LE±
LC) of monolayers of compounds 1 and 2 as function of temperature. The
extrapolation towards �C� 0 gives the onset temperature T0 of the phase
transition, whereas the extrapolation towards �H� 0 yields the critical
temperature TC.


(�C) of the main-transition as function of temperature for
compounds 1 and 2. Over a wide range of temperature, both
the �C and the �H values are linear functions. The linear
extrapolation of the �C values towards �C� 0 gives the onset
temperature T0 of the main-transition: 13 �C for compound 1
and 27 �C for compound 2 (see Table 2). The �H versus T
function of compound 1 clearly shows a pronounced slope
change at a temperature T1 of �23.5 �C. The extrapolation
towards �H� 0 gives the critical temperature TC of about
56 �C. Above this temperature, a condensed phase cannot be
achieved by compression of the monolayer. Increasing chain
length corresponds to a decrease in temperature; therefore,
one could expect a shift of T1 towards higher values. Taking
this into account, the estimate of the critical temperature for
compound 2 from only three points in the �H versus T
function is impossible. DSC measurements of lipid/water
dispersions in the water-saturated two-phase region (cw � 60
wt%) of compounds 1 and 2 yielded Tm values (Table 2) of
39.3 and 50.6 �C, respectively. It should be noted that the
resulting �Tm of �11 �C is very similar to the difference in the
T0 values (�T0� 14 �C).


The results for compound 3 including a second methyl unit
in the head group region are summarized in Figure 3. From
these data T0 and TC were determined to be 11 �C and 56 �C,
respectively, which indicates only slight changes in the


Figure 3. Transition pressure �C (�) and enthalpy (�) of the main
transition (LE ±LC) of compound 3 as function of temperature. The
extrapolation to zero �C gives the onset temperature T0� 11 �C. At
temperatures above 28 �C, the linear extrapolation of �H towards zero
yields TC� 56 �C.


physicochemical parameters caused by the second methyl
unit. The �H versus T plot also displays the kink found for 1;
however, the temperature T1 of the kink is shifted towards
higher values: 28 �C. The fully condensed monolayers of
compound 4 have been investigated by GIXD only at
temperatures below 20 �C. Therefore, neither T0 nor Tc values
have been determined. However, in lipid/water dispersions a
shift in the Tm values of approximately 13 �C due to increased
chain length has been observed: 38.3 and 50.9 �C for
compounds 3 and 4, respectively.


The complete exchange of the three hydrogen atoms by
methyl units leads to the triple-chain phosphatidylcholines 5 ±
7. For the 1-acyl compound 5, a critical temperature TC of
58 �C and a T0 value of 6 �C was determined. Exchanging the
alkyl and the acyl chains does not alter the TC and T0 values.
However, when the main-transition temperatures (Tm) of
lipid/water dispersions are compared, compound 5 shows
slightly larger values (5 : 42.7 �C, 6 : 40.5 �C). Increasing chain
length (compound 7) effects the temperatures more drasti-
cally leading to 23 �C and 73 �C for T0 and TC, respectively.
The difference in TC amounts to 15 �C and �T0 amounts to
17 �C. The shift in the characteristic temperatures of the
monolayers on going from 6 to 7 of about 16 �C is comparable
to the difference in the Tm values of the lipid dispersions of
approximately 14 �C. It should be noted, that the Tm values of
the triple-chain phospholipids depend only very slightly on
the head group structure, whereas the Tm values of double-
chain phospholipids decrease with increasing degree of head
group methylation.[31, 32] This indicates that the head groups
have only a small influence on the melting behavior of triple-
chain lipid dispersions due to the much larger hydrophobic
area. In some cases, this mismatch of the space requirements
between hydrophilic and hydrophobic parts of the molecules
even leads to a head group interdigitation.[10, 12]


GIXD measurements were performed to elucidate the two-
dimensional symmetry of the chain lattices on the ä scale.
Figure 4 depicts the contour plots of the diffracted intensities
for compound 7 at 15 �C. Starting at low pressures, the
monolayer exhibits two low-order diffraction peaks; the
degenerate (1,� 1) reflection above the horizon and the


Table 2. Characteristic temperatures of monolayers (T0 : lower limit of the
region for the liquid expanded phase; TC: critical temperature or upper
limit of the region for the liquid expanded phase; T1 : temperature of the
kink in the�H� f(T) plot) and the data for the main transition from the gel
to the liquid crystalline phase of the lipid water dispersions (Tm: transition
temperature, �H : transition enthalpy) are given for compounds 1 ± 7.


Compound T0 [�C] TC [�C] T1 [�C] Tm [�C] �H [kJmol�1]


1 13 56 23.5 39.3 55
2 27 ± ± 50.6 58
3 11 56 28 38.3 42
4 ± ± ± 50.9 52
5 6 58 23 42.7[18] 41[18]


6 6 58 23 40.5[22] 38[22]


7 23 73 33 53.9 47
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Figure 4. Contour plots of the corrected X-ray intensities as function of the
in-plane and out-of-plane scattering vector components Qxy and Qz for
compound 7 obtained at 15 �C and at 2, 14, 34, 40 and 44 mNm�1 (from
bottom to top).


non-degenerate (0,2) reflection at zero Qz are indicative of a
condensed phase with a centered rectangular chain lattice.
The chains are tilted in the direction towards nearest
neighbors (NN) along the short axis of the in-plane unit cell.
The lattice is distorted from hexagonal packing in NN
direction (Q n


xy � Q d
xy�, where Q n


xy is the maximum position
of the non-degenerate peak.[33] With increasing pressure, the
degenerate peak moves to larger Qxy values and above
27 mNm�1 the Qxy positions of the two diffraction peaks
coincide; this indicates hexagonal in-plane packing despite a
large tilt angle. Further pressure increase leads to a decrease
of the tilt angle although the in-plane packing remains
hexagonal. Perpendicular to the chains, the lattice is distorted
and the distortion decreases with increasing pressure. At
lower temperatures, the lattice is still orthorhombic but the
distortion direction is now NNN (next-nearest neighbor)
(Figure 5).


The cross-sectional area decreases from 20.3 ä2 at 15 �C to
19.7 ä2 at 5 �C. This leads to increased tilt angles at lower
temperatures. Figure 6 shows the distribution of unit-cell
parameters a� and b� in the cross-section normal to the chains.
These parameters are much less influenced by the tilt since
they are governed by equilibrium between van der Waals


Figure 5. Contour plots of the corrected X-ray intensities versus in-plane
and out-of-plane scattering vector components Qxy and Qz for compound 7
at 5 �C. The results obtained at 1, 20 and 40 mNm�1 (from bottom to top)
are shown.


Figure 6. Distribution of unit cell parameters (a� , b�) in the cross section
normal to the chains extracted from the GIXD measurements of compound
7 at 15 �C (�) and 5 �C (�). The dashed lines correspond to values of
constant cross-sectional area per hydrocarbon chain (A0� a�b�/2). The
dotted line gives lattice constants of a hexagonal projected unit cell (b��
a�


���


3
� �. The labels HB and PHB denote the regions characteristic for


herringbone and pseudo-herringbone packing according to Kaganer et al.[9]


attraction and short-range repulsion as well as the rotational
and conformational freedom of the chains at a given temper-
ature.[9] The data points lie on the same large arc as observed
for single-chain amphiphiles.[9] As one can see from this plot,
the packing at 5 �C is close to a pseudo-herringbone packing
(PHB).[34] The PHB motif should have an angle of 40�
between the backbones planes of the chains. The projected
cell parameters of the PHB arrangement as estimated by
Kitaigorodskii[35] are a�� 4.2 ä and b�� 9.0 ä. The corre-
sponding values of compound 7 are 4.46 and 8.84 ä. The
transition to a non-tilted phase was not observed. The GIXD
measurements on monolayers of the other compounds show
similar diffraction patterns. Two diffraction peaks are ob-
served at low pressures and increasing pressure leads to the
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phase transition towards the non-tilted phase. Only in the case
of compound 6 an NNN tilted phase was observed at 15 �C and
low lateral pressure.


Since the condensed isotherms exhibit linear relations
between pressure and molecular area: Axy�K1 � K2�, where
Axy�A0/cos(t) with A0 as cross-sectional area of the chains
and t as chain tilt angle, plotting of 1/cos(t) as a function of �
allows the determination of the tilting phase transition
pressure �t by extrapolation towards 1/cos(t)� 1. Figure 7
shows an example for a linear extrapolation for compounds 1,
3 and 5, which resulted in transition pressures �t of 11 mNm�1


(1), 18 mNm�1 (3) and 19 mNm�1 (5).


Figure 7. 1/cos(t) as function of the lateral pressure � for compounds 1 (�),
3 (�) and 5 (�) at 5 �C. The linear extrapolation towards zero tilt angle
(1/cos(t)� 1) yields the pressure �t of the tilting transition.


Comparison of the characteristic temperatures found in the
monolayer (T0 , TC) and bilayer (Tm) measurements shows
that the corresponding phospholipids, which differ only in the
length of the branched chains, can be compared directly by
changing the temperature: 12.5 �C for compounds 1 and 2 as
well as 3 and 4 and 14 �C for compounds 6 and 7. Using this
approximation allows the construction of generic phase
diagrams for the different branched-chain phospholipids. A
generic phase diagram for the branched-chain glycero-3-
phospho-N,N-dimethyl-ethanolamines is shown in Figure 8.


In the temperature region investigated, only three different
phases (LE, L2d and LS) are observed. The NN-tilted phase
L2d is a rotator phase with cross-sectional areas well above
20 ä2. Increasing pressure leads to the hexatic LS phase with
non-tilted molecules. The open symbols represent the ex-
trapolated tilting pressures �t . The point of intersection
between the tilting transition and the main phase transition
was taken from the �H versus T plots where a change of slope
was found. This slope change can now be interpreted as a
change in the phase sequence (LE to L2d or LE to LS) which
leads to changes in the transition enthalpy derived from
isotherm measurements.


A much more complex generic phase diagram for the
corresponding branched-chain glycero-3-phosphocholines is
given in Figure 9. In a small range of temperature and
pressure, the NNN-tilted Ov phase has been observed. This
phase is characterized by an intensity distribution with two
diffraction peaks at non-zero Qz values with Q n


z � 2Q d
z . The


intersection point between the tilting transition and the main


Figure 8. Generic phase diagram for branched chain 1-acyl-2-O-hexadec-
yl-glycero-3-phospho-N,N-dimethylethanolamines derived from experi-
mental data of compounds 3 and 4. The plot shows the �C values as
function of temperature (�) of compound 3. The experimental data points
from the GIXD measurements of compound 3 (�) at 15 and 5 �C and
compound 4 (�) at 15 �C are shown. The data for compound 4 are shifted
by 12.5 �C towards lower values according to the temperature shift found
for the comparison of the TC, T0 and Tm values. The top axis shows the
temperature of compound 4while the bottom axis is drawn for compound 3
(see text for details). The phase assignment based on the analysis of the
X-ray data is shown in the plot. The L2d ± LS phase transition (3 : �, 4 : �) is
derived from the extrapolation of 1/cos(t)	 1.


phase transition was again taken from the �H versus T curves.
At lower lateral pressures and lower temperatures, the NN
tilted rectangular phase L2 is observed. For symmetry reasons,
this phase was subdivided into two phases L2d and L2h, which
have disordered and herringbone-ordered backbone planes,
respectively.[9] Plotting the signed unit cell distortion d�
l 21 � l 22
 �/ l 21 � l 22 �
 ¥ cos2(���), where l1 and l2 are the major


and minor axes of the ellipse passing through all six nearest
neighbors of a hydrocarbon chain, and � and � are the tilt and
distortion azimuths, respectively, as a function of sin2(t); a
linear relationship is expected according to the Landau theory
prediction.[33, 36] This prediction was confirmed by our analysis
of the x-ray data. The extrapolation to zero tilt yields a d0


value, which gives information about the different contribu-
tions to the distortion (chain tilt, backbone ordering). The d0


values of compound 7 are �0.12 at 5 �C and �0.03 at 15 �C
and indicate an effect of backbone ordering, whereas the
extrapolated d0 values of compound 6 are zero which suggests
that the distortion is induced by tilt only. To compare
compounds 6 and 7 directly, we have to shift the measured
temperature of compound 7 to lower values by 15 �C in order
to get a generic phase diagram of triple-chain PCs. The
comparison of the �C values for compounds 6 and 7 (see
Figure 9) strongly supports this assumption. After shifting the
�C versus T function of compound 7 by 15 �C to lower
temperatures an almost perfect match is observed. Therefore,
the temperatures of the experiments with compound 7 (5 and
15 �C) transfer to 0 and �10 �C for compound 6. The plot of d0


versus temperature yields a transition temperature between
L2h and L2d of approximately 18 �C (corresponding to 3 �C for
compound 6). Starting from the L2h phase (NN tilt and NNN
distortion) at low temperature, increasing pressure should
lead to the S phase. This transition occurs at high pressure and
was therefore not observed experimentally. At 15 �C (0 �C for
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Figure 9. Generic phase diagram for branched chain 1-O-hexadecyl-2-
acyl-glycero-3-phosphocholines derived from experimental data of com-
pounds 6 and 7. The plot shows the �C values as function of temperature (6 :
�, 7: �) and the experimentally verified data points for the different phases
assigned in the plot. The different symbols represent GIXD data points
obtained for compounds 7 (�), and 6 (�) at different temperatures. The
data for compound 7 are shifted by 15 �C towards lower values according to
the temperature shift found for the comparison of the TC, T0 and Tm values.
The top axis corresponds to compound 7 while the bottom axis is drawn for
compound 6. The phase transition pressures towards the untilted phases (6 :
�, 7: �) are derived from the extrapolation of 1/cos(t)	 1 (see text for
details).


6) and low pressures, the L2h phase exhibits NN distortion. In
the case of single-chain amphiphiles, the pressure increase
usually leads to a change in distortion from NN to NNN
passing through the undistorted state at one defined pressure.
In contrast, an unusual behavior was found for compound 7:
increasing pressure leads to an undistorted in-plane lattice
that remains undistorted with further pressure increase
despite of a change in tilt angle. Such a behavior was
previously observed only for methyl eicosanoate monolay-
ers.[37] This phase which possesses a hexagonal unit cell in the
horizontal plane (the two peaks have the same Qxy values)
even though the molecules are tilted was named �. It exists at
low pressure and higher temperature and has a similar
structure to the L2� phase with NNN tilted chains. In contrast,
in the case of the triple-chain PC the � phase originates from
the NN tilted L2h phase upon compression.


The pressure dependence of the Qxy values of compound 7
at 15 and 5 �C is shown in Figure 10. From this plot, the linear
compressibility along each diffraction vector can be deter-
mined as �hk� (dQhk/d�)/Qhk.[38] The two peaks of the L2h


phase show rather different responses to the applied pressure:
the position of the non-degenerate (0,2) peak is changed only
marginally while the compressibility in the direction of the
degenerate (1,� 1) reflection is much larger. Increasing
temperature leads to small increase of the compressibility
perpendicular to the tilt direction (0.31 mN�1 at 5 �C and
0.59 mN�1 at 15 �C) whereas the compressibility in tilt
direction decreases from 1.87 mN�1 at 5 �C to 1.36 mN�1 at
15 �C. In the undistorted � phase, the compressibility is
isotropic and slightly larger than observed in the L2h phase in
tilt direction. Since the � phase exhibits an undistorted in-
plane lattice, a transition to the hexatic LS phase should be
expected on increasing pressure.


Figure 10. Pressure dependence of the non-degenerate (�, �), the two-
fold degenerate (�, �) and the three-fold degenerate (�) Bragg peak
positions of monolayers of compound 7 at 15 �C (filled symbols) and 5 �C
(open symbols).


Conclusion


The present study of multiple-chain phospholipids was
focused on systematic changes of the monolayer properties
depending on both the chemical structure of the head group
region and the modifications in the hydrophobic core of the
amphiphiles. The physicochemical characterization per-
formed in isotherm and DSC studies demonstrated that
increasing chain length corresponds to decreasing temper-
ature. To quantify the temperature effect, a detailed analysis
yielded �T values for different lipids depending on the head
group structure. Using these �T values we were able to obtain
generic phase diagrams for triple-chain glycero-3-phospho-
N,N-dimethylethanolamines and glycero-3-phosphocholines.
For the glycero-3-phospho-N,N-dimethylethanolamines, the
generic phase diagram exhibits only the phases L2d, LS and
LE in the temperature region investigated. The corresponding
PC shows a similar phase behavior. Exchanging the position
of the branched acyl and the non-branched alkyl chains at the
glycerol backbone leads to a much richer polymorphism. In
this case, the NNN-tilted Ov phase was observed at higher
temperatures. The NN tilted L2 phase was divided into L2h and
L2d using the extrapolated d0 values (distortion at zero tilt) as
predicted by theory. Additionally, increasing pressure at
medium temperatures leads to a transition from the L2h to a
phase exhibiting zero distortion despite of tilt. These results
are the second experimental evidence for such an unusual
behavior (� phase) previously reported for single-chain
amphiphiles.


Experimental Section


The branched-chain fatty acids were prepared by alkylation of methyl
malonic acid ester with long-chain alkylhalogenides.[39] The structure of the
fatty acids was confirmed by mass spectrometry. The purity was checked by
gas chromatography of the methyl esters. The melting points of the fatty
acids were found to be in agreement with the literature data.[40, 41] The
acylation of 1-O-benzyl-2-O-hexadecyl-glycerol in presence of 4,4�-di-
methylaminopyridine as a catalyst yielded the corresponding racemic 1-O-
benzyl-2-O-hexadecyl-3-acyl-glycerols.[42] From these derivatives, the ben-
zyl protecting group was removed and the resulting primary hydroxy
function was phosphorylated using 2-bromoethyl-phosphoric acid dichlor-
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ide. Finally, the resulting bromo esters were converted to the corresponding
1-acyl-2-O-alkyl-glycero-phosphoethanolamines and their N-methylated
analogues using N-monomethylamine, N,N-dimethylamine and trimethyl-
amine in ethanol at room temperature, respectively. The final products
have been purified by column chromatography using methanol/chloro-
form/water/ammonia gradients. For characterization and purity check mass
spectrometry, high performance liquid chromatography and microanalysis
were applied. Selected analytical data are given below:


rac-1(2-Tetradecylhexadecanoyl)-2-O-hexadecyl-glycero-3-phospho-N-
monomethyl-ethanolamine (1): 1(2C14-16:0)-2H-PE(Me); C52H106N1O7P1;
M� 888.4 gmol�1; MS: m/z : 888.9 [M]� , 910.9 [M�Na]� ; m.p. 89 ± 90 �C;
elemental analysis calcd (%) for: C 70.30, H 12.03, N 1.58; found: C 70.05,
H 11.87, N 1.62.


rac-1(2-Hexadecyloctadecanoyl)-2-O-hexadecyl-glycero-3-phospho-N-
monomethylethanolamine (2): 1(2C16-18:0)-2H-PE(Me); C56H114N1O7P1;
M� 944.5 gmol�1; MS: m/z : 944.9 [M]� , 966.6 [M�Na]� ; m.p. 78 ± 80 �C;
elemental analysis calcd (%) for: C 71.21, H 11.86, N 1.48; found: C 71.01, H
12.04, N 1.44.


rac-1(2-Tetradecylhexadecanoyl)-2-O-hexadecyl-glycero-3-phospho-N,N-
dimethyl-ethanolamine (3): 1(2C14-16:0)-2H-PE(Me)2; C53H108N1O7P1;
M� 902.4 gmol�1; MS: m/z : 902.6 [M]� , 925.3 [M�Na]� ; m.p. 93 ± 94 �C;
elemental analysis calcd (%) for: C 70.52, H 12.06, N 1.55; found: C 69.98,
H 12.18, N 1.61.


rac-1(2-Hexadecyloctadecanoyl)-2-O-hexadecyl-glycero-3-phospho-N,N-
dimethyl-ethanolamine (4): 1(2C16-18:0)-2H-PE(Me)2; C57H116N1O7P1;
M� 958.5 gmol�1; MS: m/z : 958.2 [M]� ; m.p. 106.5 ± 107 �C; elemental
analysis calcd (%) for: C 71.73, H 12.20, N 1.46; found: C 70.83, H 12.04, N
1.42.


rac-1-(2-Tetradecylpalmitoyl)-2-O-hexadecyl-glycero-3-phosphocholine
(5): 1(2C14-16:0)-2H-PC; C54H110N1O7P1�H2O; M� 934.4 gmol�1; MS:
m/z : 957 [M�Na]� ; elemental analysis calcd (%) for: C 69.41, H 11.86, N
1.49; found: C 69.04, H 11.54, N 1.60.


rac-1-O-Hexadecyl-2-(2-tetradecylhexadecanoyl)-glycero-3-phosphocho-
line (6): 1H-2(2C14-16:0)-PC; C54H110N1O7P1�H2O; M� 934.4 gmol�1;
elemental analysis calcd (%) for: P 3.31; found: P 3.09 (for additional
analytical data see [22]).


rac-1-O-Hexadecyl-2-(2-hexadecyloctadecanoyl)-glycero-3-phosphocho-
line (7): 1H-2(2C16-18:0)-PC; C58H118N1O7P1�H2O; M� 990.5 gmol�1;
MS: m/z : 973.1 [M]� ; elemental analysis calcd (%) for: P 3.18; found: P
3.12.


The thermotropic phase behavior in the water-saturated two-phase region
(�60 wt% water) was characterized by differential scanning calorimetry
(DSC) using a DSC-2 (Perkin ±Elmer, Norfolk, CT). For sample prepa-
ration, all lipids were dried under vacuo in an oven for 2 h at 50 �C before
weighing. The samples (3 ± 5 mg) were transferred into aluminum pans and
mixed with water before closing. Multilamellar dispersions were formed
during the equilibration above the main-transition temperature (Tm) for
1 h. An empty pan was used as reference. The data were recorded through
an interface to a PC. After polynomial baseline fit, the main-transition
enthalpies and temperatures have been determined.[43]


The monolayers were spread from a 1 m� p.a. grade chloroform solution
onto an ultra-pure water subphase (Millipore, 18 M�cm). The pressure/
area isotherms were recorded with a Wilhelmy film balance (R&K, Berlin).
Grazing incidence X-ray diffraction (GIXD) measurements were per-
formed on pure water as subphase using the liquid surface diffractometer
(beamline BW1) at HASYLAB, DESY, Hamburg (Germany). The
synchrotron beam was made monochromatic by a Beryllium (002) crystal.
Experiments were performed at an angle of incidence of 0.85��c (�c is the
critical angle for total external reflection). A linear position sensitive
detector (PSD) (OED-100-M, Braun, Garching, Germany) with a vertical
acceptance 0�Qz� 1.27ä�1 was used for recording the diffracted intensity
as a function of both the vertical (Qz) and the horizontal (Qxy) scattering
vector components. The horizontal resolution of 0.008ä�1 was determined
by a Soller collimator mounted in front of the PSD. The analysis of the in-
plane diffraction data yields lattice spacings according to dhk� 2�/Q hk


xy .
From the in-plane and out-of-plane peak positions it is possible to derive
information about the tilt angle and the tilt direction. For more information
on the principles of GIXD for the study of two-dimensional condensed
films at the air/liquid interface, we kindly refer to detailed reviews
published recently.[7±9]
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Enzyme Fingerprints of Activity, and Stereo- and Enantioselectivity from
Fluorogenic and Chromogenic Substrate Arrays


Denis Wahler,[a, c] Fabrizio Badalassi,[b, c] Paolo Crotti,[b] and Jean-Louis Reymond*[a]


Abstract: A series of stereochemically
and structurally diverse fluorogenic and
chromogenic substrates for hydrolytic
enzymes has been synthesized and used
to characterize enzyme activity profiles
of esterases, lipases, proteases, pepti-
dases, phosphatases, and epoxide hydro-
lases. The substrates used are particu-
larly resilient to nonspecific reactions
due to their mechanism of activation.


The activities recorded with the individ-
ual substrates are therefore remarkably
reproducible, and enable us to use the
overall pattern of activity as a specific


fingerprint for the enzyme sample. Fin-
gerprints of activity, and enantio- and
stereoselectivity are displayed as arrays
of color-scale squares that are easily
analyzed visually. Such fingerprints
might be useful for quality control,
enzyme discovery, and possibly for ad-
dressing the issue of functional conver-
gence in enzymes.


Keywords: amidases ¥ enzyme
catalysis ¥ enzymes ¥ epoxide
hydrolases ¥ esterases ¥ fluorogenic
assays ¥ high-throughput screening


Introduction


Enzymes are finding numerous uses as mild, environmentally
benign and selective catalysts in a variety of settings, including
consumer products, diagnostics, laboratory kits, and in the
production of fine chemicals.[1] Potentially useful enzymes are
isolated by screening samples isolated from the biosphere, and
their properties are engineered by the techniques of directed
evolution.[2] In this exercise, success depends critically on
high-throughput screening assays for the desired biotransfor-
mation.[3] We have recently developed a broad class of
fluorogenic enzyme substrates that enable to assay a variety
of enzymatic activities, including alcohol dehydrogenases,[4]


aldolases,[5] and hydrolases such as lipases and esterases,
proteases, phosphatases, and epoxide hydrolases.[6] These
substrates combine high sensitivity, selectivity, and the
possibility to test enantioselectivity and stereoselectivity with
a simple format suitable for high-throughput screening.
Herein we present the synthesis of a large set of periodate-
coupled fluorogenic and chromogenic substrates. We then
show that these substrates can be assembled into arrays that


can be used to record enzyme-specific activity fingerprints.[7]


Visual recognition of the global activity fingerprint is pre-
sented as arrays of squares with a two-color scale combining
stereoselectivity and activity.


Results


Assay principle : Our enzyme assay is based on substrates that
release diol 1 or amino alcohol 2 as reaction products. When
the reaction is carried out in the presence of sodium periodate
(NaIO4) and bovine serum albumin (BSA) at slightly basic
pH, the reaction product diol 1 or amino alcohol 2 undergoes
an oxidative carbon ± carbon bond cleavage, which releases
aldehyde 3. Aldehyde 3 then liberates the fluorescent product
umbelliferone (4) through a �-elimination catalyzed by BSA
(Scheme 1).[8]


Substrates such as acetates 5a/b, epoxide 6, amide 7 or
phosphate 8, which can be hydrolyzed to the oxidation
sensitive products 1 and 2 by the corresponding enzyme,
remain untouched by the oxidant. Therefore the enzymatic
hydrolysis of these substrates induces a fluorescence increase,
caused by the liberation of 4, when the reaction is carried out
in the presence of NaIO4 and BSA. These reagents are found
to be compatible with each other and with a variety of
enzymes when used in aqueous buffer. Substrates 5 ± 8 can be
prepared in optically pure form of either enantiomers, which
allows us to assay enzymes not only for catalysis, but also for
enantioselectivity. Remarkably, the substrates are also chemi-
cally rather unreactive. Even ester 5a and epoxide 6, which
are the chemically most reactive substrates, are stable at basic
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Scheme 1. Principle of periodate coupled fluorescence detection of diol
and amino alcohol products 1 and 2.
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pH (pH 8.8) in the presence of BSA (2 mgmL�1) for at least
12 hours, under which conditions simple enzyme substrates
such as nitrophenyl butyrate or umbelliferyl butyrate have a
half-life of less than one minute.
The periodate oxidation step involved in the assay is


applicable to most diols or amino alcohols irrespective of the
substitution pattern. A similar yet simpler revelation scheme
can be devised if diol 9 is formed as the primary diol product,
whose periodate oxidation releases the strongly fluorescent
6-methoxynaphthaldehyde 10 (Scheme 2).[9]


NaIO4
OH


HO
O


OMeOMe


(S)-9 10


Scheme 2. Fluorogenic oxidation of 6-methoxynaphthalene derivatives.


Synthesis : We used Sharpless×s asymmetric dihydroxylation of
olefins as a versatile entry into preparatively useful amounts
of chiral diols as fluorogenic or chromogenic substrates.
Procedures were in turn available to convert these into useful


epoxide and amino alcohol functional groups to access further
substrates. Simple commercially available homoallylic alco-
hols and bromides were chosen as starting materials, with the
aim of generating a family of fluorogenic enzyme substrates
displaying methyl, methylene, or ethyl groups in various
arrangements close to the enzyme reactive groups. The
homoallylic ethers 11 ± 14 and 19 were obtained by ether
formation between umbelliferone and the corresponding
homoallylic tosylates or halides. Asymmetric dihydroxylation
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with either AD-mix-� or AD-mix-� gave the optically active
diols 15 ± 17 in R and S configuration, respectively, except for
dihydroxylation of the Z-olefin 14, which gave racemic diol 18
with both reagents.[10] The corresponding racemic diols as well
as the stereoisomeric meso-diols 20 and 21 were obtained by
OsO4-catalyzed dihydroxylation. The corresponding trans-
diol 22 was obtained in
racemic form by hydrolysis
of the epoxide of olefin 19
(see below).
The fluorogenic naphtha-


lene derived diols (R)- and
(S)-9 were also obtained by
Sharpless asymmetric dihy-
droxylation. In addition, the
nitrophenyl derivatives (R)-
and (S)-23 were prepared to
provide a series of chromo-
genic substrates. Finally, cy-
clic diols 24 and 25 were
prepared from �-lyxose and
�-ribose, respectively.
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Partial or complete acetylation of diols 9, 15, 16, and 20 ± 23
gave mono- and diacetates 26 ± 32 to expand the series of 5a/b
as potential substrates for lipases and esterases. Further
candidate substrates for these enzymes were obtained in the
form of fluorogenic carbonates substrates 33 ± 38, and chro-
mogenic carbonate 39, prepared by reaction of diols rac-1, rac-
15, 20, 21, and 23 ± 25 with carbonyl diimidazole.


To obtain substrates for epoxide hydrolases related to
epoxide 6, chiral diols 9, 15 ± 17, and 23 were converted to
epoxides 40 ± 42, 46 and 47 in both enantiomeric series by
using Sharpless� one-pot procedure, which proceeds by
double inversion at the less substituted hydroxyl function.[11]


Racemic epoxide 43, the meso-epoxides 44 and 45, as
well as the racemic forms of the other epoxides were
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obtained by epoxidation of the corresponding olefins with m-
CPBA.
Substrates for amidase enzymes similar to 7 were obtained


by aminolysis of racemic epoxides 6, 40, and 47, which
proceeded chemoselectively at the primary carbon under
catalysis by lanthanide salts.[12] The resulting primary amines
(2, 48, 49) were then acylated to amides 50 ± 54.
The phosphorylation of several diols was investigated to


access various phosphatase substrates related to bisphosphate
8. Phosphorylation was carried out by phosphoramidite
chemistry, giving first the protected phosphates 55 ± 60.
Debenzylation by a brief hydrogenation, in a period too short
to observe any reduction of the coumarine nucleus, and
purification by preparative reverse-phase HPLC gave phos-
phates 61 ± 65.
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Enzyme measurements : All substrates were used as 2m�
stock solutions in aqueous DMFor water. First, the maximum
observable rate with each substrate type was determined by
measuring the rate of product release from each diol or amino
alcohol reaction product. All diols released the corresponding
fluorescent or colored product upon reaction with sodium
periodate and BSA both at neutral and at slightly basic pH
(Table 1). The reaction rates of these diols and amino alcohols
marks the maximum observable rate of fluorescence release
in this assay.
The clean reactivity of NaIO4 under these conditions was


somewhat unexpected, since the working pH for this oxidant
is usually reported to be acidic (pH 4.5 ± 5.5). The compati-
bility of the oxidation reaction with a basic pH was welcome
as the chromo/fluorogenic assay was impractical at acidic pH.
Indeed an acidic pH makes the secondary �-elimination
reaction catalyzed by BSA much slower and the fluorescence/
absorbency differences between ethers and free umbellifer-
one/nitrophenol too weak to give a useful signal modulation.
The series of substrates were used to investigate the


reactivity of commercially available hydrolytic enzymes,
including lipases, esterases, acylases, proteases, and two
epoxide hydrolases. The substrates were distributed in 96-


well microtiter plates, and each enzyme was assayed simulta-
neously with the whole series of substrates. The fluorogenic
substrates were distributed in 40 samples as a 5� 8 array (two
enzymes per plate), and the corresponding chromogenic
substrates as a 4� 3 array (eight enzymes per plate). In each
case two positive controls were included with diols or amino
alcohols reaction products (Figure 1).


Figure 1. Array layout for activity measurements with chromogenic and
fluorogenic substrates.


Table 1. Rates for the conversion of diols/amino alcohols to colored/
fluorescent products.[a]


diol/ product V [p� s�1] V [p� s�1]
amino alcohol pH 7.2 pH 8.8


1 umbelliferone(4) 105000 155000
9 naphthaldehyde(10) 485000 340000


15 umbelliferone(4) 80000 135000
16 umbelliferone(4) 165000 170000
17 umbelliferone(4) 170000 50000
18 umbelliferone(4) 95000 35000
20 umbelliferone(4) 30000 70000
21 umbelliferone(4) 30000 115000
22 umbelliferone(4) 30000 30000
23 p-nitrophenol 220000 155000
24 umbelliferone(4) 10000 10000
25 umbelliferone(4) 10000 15000
2 umbelliferone(4) 70000 115000


48 umbelliferone(4) 15000 25000
49 p-nitrophenol 240000 430000


(R)-46[b] naphthaldehyde(10) ± 20000


[a] Initial rate of product formation. Conditions: 0.1m� diol/amino alcohol
in 20m� phosphate buffer pH 7.2, or 20m� aq. borate buffer pH 8.8, 26 �C,
containing 1m� NaIO4 and 2mgmL�1 BSA. Fluorescence/absorbency
values were converted to product concentration according to calibration
curves with pure products in the corresponding buffers containing sodium
periodate and BSA. The error margin on the rates given is �10%.
[b] Stereospecific reaction with BSA.
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All enzymes were used at a concentration of 0.1 mgmL�1 of
the supplied solid or suspension, unless otherwise stated
(Table 2). Reaction progress with each substrate was followed
over two hours with a plate-reader instrument (Figure 2). The
recorded signals (fluorescence or absorbency) were converted
to product concentration by using a calibration curve. The
steepest portion of each rate profile was then used to calculate
the apparent reaction rate Vapp in each well. The rates
observed in the array without enzyme are very small except
for the positive controls and the naphthalene epoxide (R)-46,
which seems to undergo a stereospecific reaction with BSA.


These rates were subtracted from the rates observed with
enzymes, and the resulting net rates were used to compute the
enzymatic activity profiles.
The fluorogenic phosphatase substrates, which were avail-


able only in small amounts due to the need for preparative
HPLC purification, were tested separately against alkaline
phosphatase and three different phytases, which are acidic
phosphatase that hydrolyze phytic acid. Since these enzymes
distinguish themselves mainly in their pH ± activity profile, we
applied a two-step procedure involving 1) an incubation at a
given pH for a fixed time, and 2) a pH adjustment followed by


Table 2. Enzymes tested by using fluoro/chromogenic substrate arrays.


Code Name[a] Specific activity [Umg�1] Best substrate Rate [p� s�1]


PSBL Pseudomonas sp. B lipoprotein lipase (F62336) 160[d] 32a 50500
PFL Pseudomonas fluorescens lipase (F62321) 3500[e] 30a 31800
PSL1 Pseudomonas sp. lipoprotein lipase (SL-9656) 50000[d] 32a 27500
PSL2 Pseudomonas sp. lipoprotein lipase (F62335) 1500[e] 32a 17700
WGL wheat germ lipase (F62306) 0.1[e] 30b 11300
CVL Chromobacterium visc. lipoprotein lipase (F62333) 2500[e] 32a 11100
ANL1 Aspergillus niger lipase (A39,043-7) ± 26 10200
CAL Candida antarctica lipase (F62299) 3[e] 30a 9600
CLL Candida lipolytica lipase (F62303) 0.001[e] 47 7500
RNL Rhizopus niveus lipase (F62310) 0.0025[e] 39 7400
RML Rhizomucor miehei lipase (F62291) 0.5[e] 30a 6800
HPL hog pancreatic lipase (F62300) 20[f] 32a 5800
PCL1 Pseudomonas cepacia lipase (F62312) 40[e] 32a 5600
MJL Mucor javanicus lipase (F62304) 0.005[e] 47 2800
AOL Aspergillus oryzae lipase (F62285) 50[e] 32a 2700
PCL2 Pseudomonas cepacia lipase (F62309) 50[e] 53 2600
CCL Candida cylindracea lipase (F62316) 2[e] 32a 1700
MML Mucor miehei lipase (F62298) 1[e] 31 1500
ANL2 Aspergillus niger lipase (F62294) 1[e] 30a 1100
PRL Penicillium roqueforti lipase (F62308) 150[e] 53 720
RAL Rhizopus arrhizus lipase (F62305) 0.002[e] 6 330
PLE pig liver esterase (F46058) 220[g] 30b 228000
AChE Electrophorus electricus acetylcholine esterase (F01023) 300[h] 5a 51400
BStE Bacillus stearothermophilus esterase (F46051) 0.4[i] 5a 9900
BSE Bacillus sp. esterase (F46062) 0.1[g] 39 7500
CLE Candida lipolytica esterase (F46056) 0.1[g] 54 5200
BTE Bacillus thermoglucosidasius esterase (F46054) 0.1[g] 39 3800
TBE Thermoanaerobium brockii esterase (F46061) 0.002[g] 36 2600
HrLE horse liver esterase (F46069) 0.7[j] 5a 2500
MME Mucor miehei esterase (F46059) 1[g] 53 2500
SCE Saccharomyces cerevisiae esterase (F46071) 0.002[g] 32a 1800
PGA Escherichia coli penicillin G acylase (F76427) 30 7 152000
HKA hog kidney acylase I (F01821) 15 26 4800
Chy bovine pancreatic �-chymotrypsin (SC-4129) 37 54 3800
Clos Clostridium histolyticum clostripain (SC-0888) 100 39 3500
Try hog pancreatic trypsin (F93615) 1645 39 1700
Ela porcine pancreatic elastase (Se20929) 180 30a 1500
Pep porcine stomach mucosa pepsin (SP-6887) 4150[k] 53 870
Pap Papaya latex papain (SR-4762) 30 53 850
AMA Aspergillus melleus acylase I (F01818) 0.5 5a 700
The Bacillus thermoproteolyticus thermolysin (BM161586) 35 53 530
AEH Aspergillus niger epoxide hydrolase[b] ± 47 173000
REH Rhodotorula glutinis epoxide hydrolase[c] ± 47 170000


[a] Product reference from each provider are given according the following abbreviations: F Fluka, A Aldrich, S Sigma, BM Boehringer Mannheim, Se
Serva. [b] Sample provided by Prof. R. Furstoss and Dr. A. Archelas from the Faculte¬ des Sciences de Luminy, Marseille (France). [c] Sample provided by
Dr. C. Weijers at the Department of Food Technology and Nutrition Sciences, Wageningen University (The Netherlands). [d] 1 U corresponds to the amount
of enzyme which liberates 1 �mol oleic acid per minute at pH 8.0 and 37 �C (cholesteryl oleat as substrate). [e] 1 U corresponds to the amount of enzyme
which liberates 1 �mol oleic acid per minute at pH 8.0 and 40 �C (triolein as substrate). [f] 1 U corresponds to the amount of enzyme which liberates 1 �mol
oleic acid per minute at pH 8.0 and 40 �C (triolein as substrate). [g] 1 U corresponds to the amount of enzyme which hydrolyzes 1 �mol ethyl n-valerate per
minute at pH 8.0 and 25 �C. [h] 1 U corresponds to the amount of enzyme which hydrolyzes 1 �mol acetylcholine per minute at pH 8.0 and 37 �C. [i] 1 U
corresponds to the amount of enzyme which liberates 1 �mol 4-nitrophenol per minute at pH 7 0 and 65 �C (4-nitrophenyl-n-caproate as substrate). [j] 1 U
corresponds to the amount of enzyme which hydrolyzes 1 �mol ethyl n-butyrate per minute at pH 8.0 and 25 �C. [k] 1 U will produce a �A280 of 0.001 per
minute at pH 2.0 and 37 �C, measured as TCA-soluble products using hemoglobin as substrate.
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Figure 2. Time course of optical density (OD, at �� 405 nm) observed for
the reaction of Pseudomonas fluorescens lipase with the chromogenic
substrates array. Conditions: 0.1 mgmL�1 enzyme, 100 �� substrate, 20 m�
aq. borate pH 8.8, 2 mg. mL�1 BSA, 1 m� NaIO4. The rates derived from
these curves for the different substrates are as follows: 49 20900 p� s�1, 23
130800 p� s�1, (S)-32a 31800 p� s�1, (S)-32b 25500 p� s�1, (R)-32a
25000 p� s�1, (R)-32b 22000 p� s�1, 54 4000 p� s�1, (R)-39 2600 p� s�1,
(S)-39 2300 p� s�1, 53 1600 p� s�1, (S)-47 1400 p� s�1, (R)-47 1300 p� s�1.
See also text and Experimental Section.


treatment with periodate and BSA to reveal the amount of
free diol formed. There was no measurable background
hydrolysis of any of the phosphatase substrates under the
reaction conditions; this is not unexpected due to the known
stability of aliphatic phosphates towards hydrolysis.


Activity arrays (gray scale): The reaction rates observed with
the different substrates can be displayed graphically as an
array of gray-scale squares corresponding to the microtiter-
plate layout, as we have shown previously.[7] These displays
are generated by simple conversion of the rate-data to a
portable-gray-map (.pgm) file format, which is recognized by
common photographic software (see Experimental Section).
The measurements for the phosphatase substrates are dis-
played similarly by combining the measurements done at the


different pH values. The gray-scale pattern is proportional to
the maximum concentration of product formed with each
enzyme at any pH, set as full black (Figure 3). To our surprise,
our measurements showed that alkaline phosphatase reacts
quite well with our diphosphates at pH 5.5, so that our
substrates do not allow us to distinguish well between the
acidic phytases and alcaline phosphatases.


Selectivity arrays (color): Due to the importance of stereo-
and enantioselectivity as property of enzymes in synthetic
applications, we propose here a colored array display that
combines the intensity scale as above with a color scale of
green to red for stereoselectivity. This display is generated by
converting the data to the portable-pixel-map (.ppm) format
(see Experimental Section). In this display, enantiomeric and
stereoisomeric pairs of substrates are combined in one
position. Selectivity arrays were generated by combining the
rate data from both the chromogenic and the fluorogenic
substrate arrays. Racemic or achiral substrates are also
reported in simple gray scale, such that these selectivity
arrays show the entire set of measurements done. Although
the grid does not correspond to an actual microtiter-plate
layout, the information on the activity and the selectivity of
each enzyme is rendered more clearly by this display (Fig-
ure 4).


Discussion


Fingerprints : We have found that all measurements with our
substrate arrays are reproducible within 10% of each rate.
The patterns observed consistently appear indistinguishable
from one measurement to the next. Therefore one may
consider that the measurement delivers a specific fingerprint
for the enzyme sample. This is to be attributed mainly to the
resilience of our periodate-coupled enzyme substrates to


nonspecific reactions, which
makes them particularly selec-
tive probes for true enzyme
activities. A similar pattern
analysis based on qualitative
tests of enzyme activities by
using nineteen different en-
zyme substrates is used to iden-
tify microorganisms and is
known to microbiologists under
the name APIZYM.[13]


The fingerprint recorded
with our substrates for a sample
could generally be either sam-
ple-specific or enzyme-specific
depending on purity. Indeed, as
for any enzyme assay, the reac-
tivities observed may stem ei-
ther from the listed enzyme, or
from other enzyme impurities.
The commercial preparations
used here are not highly puri-
fied, and the fingerprints ob-


Figure 3. Activity-pH profile as array for phosphatase substrates. Below each array is indicated the enzyme name
(CIAP: calf intestinal alkaline phosphatase, A.f. phytase: Aspergillus ficuum phytase), together with the
percentage of substrate conversion as measured in the conditions of the test. Conditions: 0.1 mgmL�1 enzyme,
100�� substrate, 10 m� aq. citrate, acetate or phosphate with 1 m� CaCl2, 55 �C, 2 mgmL�1 BSA, 1m� NaIO4.
Enzymes and substrates are incubated 1 hour at the desired pH and 55 �C, and the pH is then adjusted to 7.2 with
0.5� aq. dibasic phosphate. Sodium periodate and BSA are added, and the assays incubated for a further
60 minutes before fluorescence reading.
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served in this study are most probably batch-specific, as
suggested, for example, by the different fingerprints observed
with two different samples of the lipoprotein lipase of
Pseudomonas species sold under two different product
numbers by Fluka (PSL1 and PSL2).


Enzyme purity and substrate reactivities : Gel electrophoresis
(SDS-PAGE) shows a strong, main band by commassie-blue
staining for fifteen of the 43 samples tested, while most others
contains only traces of detectable protein. These fifteen
samples are presumably pure, or at least contain a large
amount of a single protein which is presumably the listed
enzyme (code in bold in Table 2 and Figure 4). There is no
correlation between sample purity and the level of activity as
defined either by the best array substrate or by the manu-
facturers data; this is not unexpected since enzymes have very
different activity levels. In several cases unexpected func-
tional groups occur as excellent substrates of certain enzymes,
such as monoacetate (R)-30a for elastase, carbonate (R)-39
for trypsin. Acetamide 54 reacts with Candida lipolytica
esterase (CLE) and Candida lipolytica lipase (CLL), which is
accompanied in both cases by a similarly weaker activity with


the corresponding nitrophenol-derived phenylacetamide 53.
This pattern might show a protease impurity from this
microorganism with an activity related to chymotrypsin
(Chy), which reacts similarly with these two amide substrates.
The weak, yet significant reactivites observed with the papain
sample with phenylacetamide 53 is difficult to explain, since
this thiol protease should be inactivated by oxidation in the
presence of sodium periodate.
As mentionned above, epoxide (R)-46 reacts in the


reference plate without enzyme by a stereospecific reaction
with BSA, which could be either hydrolysis or an alkylation of
lysine residues, which both give periodate-sensitive products.
The measurement with this substrate showed poor reprodu-
cibility and serveral artifacts; activities within 30% of the
reference rate (Table 1) were ignored. Several other reactions
of epoxide substrates are observed, such as the reaction of
both enantiomers of 47, which are the strongest reactivity
observed with the lipase of Mucor javanicus (MJL). Epoxide
reactivities occur at overall low activity levels and very
probably reflect hydrolysis or alkylation reactions with either
lysine side-chains of the proteins or other nucleophiles.
Specific alkylation of proteins can be targeted to enzyme


Figure 4. Selectivity arrays for enzyme activities. Substrates marked * in the layout (bottom right) are enantiomeric pairs. Below each array: Enzyme code, and
apparent maximum rate in p� s�1, which appears as the darkest (gray scale or color) square in each array. Enzymes marked in bold appear homogeneous
(�90%) by SDS-PAGE analysis (key for enzymes in Table 2). Conditions: 0.1 mgmL�1 enzyme, 100�� substrate, 20m� aq. borate pH 8.8 with 2.5% v/v DMF,
26�C, 2 mgmL�1 BSA, 1m� NaIO4. To view this figure at a better resolution, please access the html data on Wiley Interscience (www.interscience.wiley.com).
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active sites by using covalent inhibitors,[14] but may also occur
generally and can used as a labeling strategy in the context of
activity-based proteome analysis.[15]


Enzyme activities : Enzyme activities are classically defined
andmeasured in Units (U), which corresponds to a micromole
of a given reaction product produced per minute. Units are
usually given per milligram of enzyme preparation (Umg�1),
as measured under a defined set of conditions, including a
particular substrate at saturating concentration, buffer, pH,
and temperature. Whether the substrate used is actually a
good substrate for the enzyme, or the fact that some of the
activity observed in a given test may be induced by non-
enzymic impurities present in the enzyme sample being tested
(typically when using nitrophenyl esters for lipases), is not
being considered.
Here we have addressed the issue of measuring an enzyme×s


activity from a different viewpoint that encompasses a
broader set of parameters. Using the periodate-coupled
fluorogenic and chromogenic substrates solves the problem
of nonspecific reactions, and guarantees that actual enzyme
activities are being measured. By scanning a broad variety of
substrates, we also address the issue of finding the best
substrate for any given enzyme (Table 2). The series of
substrates used here is very limited and was selected to
provide stereochemical and structural diversity in a well-
defined structure space that is quite remote from the optimum
for many enzymes. Triglycerides of long-chain acids are the
best substrates for lipases,[16] and none of these is included in
our arrays. In the present series the monoacetates 30a and 32a
are consistently the best substrates for lipases. The phenyl-
acetamides 7, 50, and 53 possess the optimal acyl group for the
enzyme penicillin G acylase, and react strongly with this
enzyme. However we do not have any peptide substrates,
which are the natural best substrates for proteases and can be
used in combinatorial format for activity profiling of these
enzymes.[17] The linear epoxides 6 and 47 react stronly with the
epoxide hydrolases and are certainly excellent reporter
substrates for these enzymes, in accordance with the fact that
epoxide hydrolases react well with a broad variety of terminal
epoxides.[18] Our measurement uses dilute substrates to enable
to read stereoselectivities (see below), and, therefore, a direct
comparison with Units is not possible. Nevertheless, our
fingerprint measurement delivers a qualitatively much more
complete assessment of enzyme activity than a single deter-
mination of Units.[19]


Stereoselectivity : In terms of synthetic applications, stereo-
selectivity is the most important property of enzymes beside
their catalytic activity. Measuring isolated stereoisomers of a
substrate separately reflects stereoselectivity in the sense of a
kinetic resolution if the substrate concentrations used are
below the Michaelis ±Menten dissociation constant KM of the
substrates.[4][20] This condition is fulfilled in most cases with
our assay, which uses a concentration of 100�� for all
substrates. This high dilution is possible due to the high
sensitivity of detection of the end product, nitrophenol and
umbelliferone, formed after the oxidative decomposition of
the primary hydrolysis products. The stereoselectivities ob-


served on our limited substrate series does not allow to predict
the general utility of an enzyme for stereoselective reactions.
In the present context, we find that probing enzyme activity
with separated stereoisomers is a good way to differentiate
between enzymes in the sense of producing selective finger-
prints.


Array display : When dealing with large sets of measurements,
the method used to display the results is quite important in
making those results readable and interpretable. The two-
color array display proposed here renders simultaneously
activity and stereoselectivity on a large number of substrates
and enzymes in compact manner, and, therefore, enables a
manageable overview. It must be pointed out that the
calculation and data formatting involved is minimal, extreme-
ly easy, and does not require any special software. This display
might prove useful to show selectivity tables for other types of
catalysts and substrates. The only drawback of the two-color
display is of course its inacessibility to color-blind readers.


Conclusion


We have shown that periodate-coupled fluorogenic and
chromogenic enzyme substrates can be assembled into arrays
that allow to record specific activity and stereoselectivity
fingerprints of enzymes. The most important aspect of these
substrates is their resilience to nonspecific degradation, and
the fact that our measurements are highly reproducible
certainly depends on this property. Although the number of
substrates used is small, it is well possible that such a limited
substrate array will be sufficient to differentiate between
thousands of enzymes. The key to a differentiating array is
indeed not necessarily the absolute number of substrates used,
but whether these show differential reactivities with different
enzymes. We have installed structural and stereochemical
variations very close to the reacting functional group of our
substrates, and this probably explains the excellent differ-
entiation observed here.
We are now enlarging and optimizing the structural and


functional types to be integrated and the array to address all
enzyme classes simultaneously. Specialized substrate arrays
concentrated on one or two functional types might also prove
useful to address the problem of functional convergence in
enzymes. The interesting question to ask with such arrays will
be whether two enzymes reacting identically on a given set of
substrates, say 100 substrates, will also show the same activity
for their reaction with the 101st substrate. If this is indeed the
case, then classifying enzymes according to their fingerprints
will be useful to pre-select enzymes for testing in synthetic
applications. Activity analysis using substrate arrays might
also allow to characterize and better understand the results of
enzyme evolution experiments.


Experimental Section


General : All reactions were followed by TLC on Alugram SIL G/UV254


silica gel sheets (Macherey-Nagel) with detection by UV or with 0.5%
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phosphomolybdic acid solution in 95% EtOH. Silica gel 60 (Macherey-
Nagel 230 ± 400 mesh) was used for flash chromatography. Elution
conditions given correspond to a retention factor Rf� 0.3 unless otherwise
stated. Preparative TLC were performed on 0.5 or 2.0 mmMacherey-Nagel
DC-Fertigplatten UV254 silica gel plates. Melting points were determined
on a Kofler apparatus or with a B¸chi 510 apparatus and are uncorrected.
Optical rotations were measured with a Perkin ±Elmer 241 digital polar-
imeter with a 1 dm cell. 1H NMR and 13C NMR spectra were recorded with
Bruker AC-200, AC-300 or Varian Gemini 200 spectrometers. Infra-red
spectroscopy was performed on a Perkin ±Elmer 1600 or Perkin ±Elmer
Spectrum One series FTIR apparatus. HPLC was done on a Waters 600
cntroller with a Waters 996 photodiode array detector, by using three
different solvents: A (0.1% TFA in H2O), B (H2O/CH3CN 50/50) and C
(H2O). Preparative HPLC was performed on a Waters Prep LC and Delta
Prep 4000 with a Waters 486 tunable absorbance detector. The ee of all the
epoxides were directly determined by analysis on a chiral HPLC column
OD-H (Daicel: 25 cm� 0.46 cm inner diameter) with hexane/iPrOH as the
eluent. Only in the case of epoxides (R)-, (S)-46 and (R)-, (S)-47were the ee
derived from those obtained in the same way for the corresponding
precursors, the diols (R)-, (S)-9, and (R)-, (S)-23, respectively, by admitting
that in the cyclization process[11] no change in the ee should occur (Table 3).
The following compounds were prepared as previously described: 3-cyclo-
pentenol,[21] the mixture (3:1) of 4-methyl-3-penten-1-ol and 4-methyl-4-
penten-1-ol,[22] 3-butenyl-1-tosylate,[23a] (E)-3-hexenyl-1-tosylate,[23a] (Z)-3-
hexenyl-1-tosylate,[23b] 3-methyl-3-butenyl-1-tosylate,[23c] 6-methoxy-2-
naphtaldeyde,[24] methyl-2,3-O-isopropylidene-5-O-p-toluenesulfonyl-�-�-
lyxofuranoside,[25] and methyl-2,3-O-isopropylidene-5-O-p-toluenesulfon-
yl-�-�-ribofuranoside.[26]


(�)-7-(3,4-Dihydroxybutyloxy)-2H-1-benzopyran-2-one (1): The following
procedure is typical. A solution of 69 (0.432 g, 2.0 mmol) in an acetone/
water mixture (2.5:1; 15 mL) was treated at 25 �C under stirring with N-
methylmorpholine-N-oxide (0.281 g, 1.2 equiv) and 2.5% solution of OsO4


in tBuOH (0.1 mL) and stirred at 20 �C for 18 h. 10% aqueous Na2SO3


(2 mL) was added and stirring was prolonged for 30 min. The product was
extracted with EtOAc (3� 20 mL), washed (saturated aqueous NaCl), and
purified by flash chromatography (7:3 CH2Cl2/acetone) to give 1 (0.440 g,
88%) as a solid. M.p. 97 ± 99 �C; IR (KBr): �� � 3300 (br s), 2934 (w), 2876
(w), 1724 (s), 1611 cm�1 (s); 1H NMR (200 MHz, CD3OD): �� 7.83 (d, J�
9.8 Hz, 1H), 7.47 (d, J� 8.3 Hz, 1H), 6.92 ± 6.85 (m, 2H), 6.21 (d, J�
9.3 Hz, 1H), 4.23 ± 4.16 (m, 2H), 3.93 ± 3.81 (m, 1H), 3.54 (d, J� 6.3 Hz,
2H), 2.13 ± 1.97 (m, 1H), 1.91 ± 1.74 (m, 1H); 13C NMR (50 MHz, CD3OD):
�� 163.51, 162.94, 156.64, 145.32, 129.99, 113.76, 113.51, 112.86, 101.83,
69.58, 67.03, 66.14, 33.54; elemental analysis calcd (%) for C13H14O5: C
62.39, H 5.64; found: C 62.24, H 5.87.


(S)-7-(3,4-Dihydroxybutyloxy)-2H-1-benzopyran-2-one (1): The following
procedure is typical.[27] A solution of AD-mix-� (4.2 g) in 1:1 tBuOH/water
(30 mL) was stirred at 25 �C until both phases were clear[28] and then was
cooled at 0 �C. Olefin 69 (0.648 g, 3.0 mmol) was added and the slurry was
stirred at 0 �C for 18 h, following the reaction by TLC. Solid Na2S2O5 (4.5 g)


was added at 0 �C, and the resulting reaction mixture was warmed to room
temperature and stirred at this temperature for 1 h. Extraction with
EtOAc, evaporation, and flash chromatography (7:3 CH2Cl2/acetone) gave
(S)-1 (0.60 g, 80%), as a solid. M.p. 92 ± 93 �C; [�]20D ��22.4 (c� 0.46,
MeOH); elemental analysis calcd (%) for C13H14O5: C 62.39, H 5.64;
found: C 62.11, H 5.87.


(R)-7-(3,4-Dihydroxybutyloxy)-2H-1-benzopyran-2-one (1): When the
same reaction on 69 (0.648 g, 3.0 mmol) was repeated by the use of AD-
mix-�, pure (R)-1 (0.645 g, 86%) was obtained as a solid. M.p. 94 ± 96 �C;
[�]20D ��17.9 (c� 0.55, MeOH); elemental analysis calcd (%) for C13H14O5:
C 62.39, H 5.64; found: C 62.12, H 5.41.


(�)-7-(4-Amino-3-hydroxybutyloxy)-2H-1-benzopyran-2-one (2): The fol-
lowing procedure is typical. A solution of epoxide 6 (0.464 g, 2.00 mmol) in
EtOH saturated with NH3 (16 mL) in a pressure tube was treated with
Yb(OTf)3[12] (10 mol%, 0.2 mmol, 0.124 g). The tube was sealed and the
reaction was stirred at 25 �C for 1 h and then at 70 �C for 5 h (TLC). After
cooling, the solution was filtered and evaporated to dryness to give pure 2
(0.448 g, 90%) as a yellow syrup. IR (KBr): �� � 3419 (br s), 2954 (w), 1708
(s), 1615 (s), 1284 (s), 1236 (s), 1161 (s), 1132 (s), 1031 cm�1 (s); 1H NMR
(200 MHz, CD3OD): �� 7.83 (d, J� 9.8 Hz, 1H), 7.48 (d, J� 8.3 Hz, 1H),
7.00 ± 6.73 (m, 2H), 6.21 (d, J� 9.3 Hz, 1H), 4.19 (t, J� 5.6 Hz, 2H), 4.00 ±
3.76 (m, 1H), 2.90 (dd, J� 13.2, 3.4 Hz, 1H), 2.73 (dd, J� 12.7, 8.3 Hz, 1H),
2.10 ± 1.70 (m, 2H); 13C NMR (50 MHz, CD3OD): �� 163.77, 163.34,
157.01, 145.75, 130.45, 114.10, 113.35, 102.29, 68.71, 66.25, 47.65, 35.27;
elemental analysis calcd (%) for C13H15NO4: C 62.64, H 6.07, N 5.62; found:
C 62.46, H 6.39, N 5.49.


(�)-7-(4-Acetoxy-3-hydroxybutyloxy)-2H-1-benzopyran-2-one (5a): The
following procedure is typical. AcCl (0.36 mmol, 25 �L) was added to a
solution of diol 1 (0.090 mg, 0.36 mmol) in dry CH2Cl2 (8.0 mL) and Et3N
(0.72 mmol, 0.1 mL) at 0 �C, under an argon atmosphere, and the reaction
mixture was stirred at 0 �C for 1 h (TLC). Evaporation of the washed
(brine) organic solution and preparative TLC (EtOAc/hexane 6:4) gave 5a
(0.063 g, 60%) as a semisolid. IR (neat): �� � 3448 (br s), 3088 (w), 2954 (w),
1733 (br, s), 1615 (s), 1403 (m), 1352 (m), 1282 (m), 1232 (s), 1129 (s),
1048 cm�1 (m); 1H NMR (200 MHz, CDCl3): �� 7.61 (d, J� 9.8 Hz, 1H),
7.33 (d, J� 7.8 Hz, 1H), 6.83 ± 6.78 (m, 2H), 6.21 (d, J� 8.8 Hz, 1H), 4.29 ±
4.01 (m, 5H), 2.09 (s, 3H), 2.00 ± 1.91 (m, 2H); 13C NMR (50 MHz, CDCl3):
�� 171.82, 162.58, 161.86, 156.52, 144.07, 129.49, 113.87, 113.49, 113.33,
102.17, 69.22, 67.72, 65.70, 33.27, 21.52; elemental analysis calcd (%) for
C15H16O6: C 61.64, H 5.52; found: C 61.47, H 5.23.


(R)-7-(4-Acetoxy-3-hydroxybutyloxy)-2H-1-benzopyran-2-one (5a): Fol-
lowing the same procedure, diol (R)-1 (0.080 g, 0.32 mmol) yielded pure
(R)-5 (0.053 g, 57%, 90% ee) as a semisolid: [�]20D ��9.3 (c� 0.30,
CHCl3); elemental analysis calcd (%) for C15H16O6: C 61.64, H 5.52; found:
C 61.91, H 5.79.


(S)-7-(4-Acetoxy-3-hydroxybutyloxy)-2H-1-benzopyran-2-one (5a): Fol-
lowing the same procedure, diol (S)-1 (0.090 g, 0.36 mmol) yielded pure
(S)-5 (0.065 g, 62%, 95% ee), as a semisolid. [�]20D ��9.6 (c� 0.31, CHCl3);
elemental analysis calcd (%) for C15H16O6: C 61.64, H 5.52; found: C 61.86,
H 5.77.


(�)-7-(3,4-Diacetoxybutyloxy)-2H-1-benzopyran-2-one (5b): The follow-
ing procedure is typical. Ac2O (1 mL) was added to a solution of diol (�)-1
(0.040 g, 0.16 mmol) in dry pyridine (2 mL) at 0 �C. The reaction was left at
0 �C for 18 h. Co-evaporation of excess reagents with toluene followed by
flash chromatography (CH2Cl2/acetone 9:1) gave 5b (0.051 g, 96%) as a
white solid. M.p. 80 ± 82 �C; IR (KBr): �� � 3088 (w), 3057 (w), 2996 (w),
2954 (w), 1742 (s), 1722 (s), 1711 (s), 1623 (s), 1357 (m), 1286 (m), 1234
(br s), 1132 (m), 1031 cm�1 (m); 1H NMR (200 MHz, CDCl3): �� 7.61 (d,
J� 9.8 Hz, 1H), 7.34 (d, J� 8.8 Hz, 1H), 6.82 ± 6.74 (m, 2H), 6.22 (d, J�
9.3 Hz, 1H), 5.35 ± 5.24 (m, 1H), 4.32 (dd, J� 11.7, 3.4 Hz, 1H), 4.15 ± 3.97
(m, 2H), 4.10 (dd, J� 11.7, 5.9 Hz, 1H), 2.16 ± 2.05 (m, 2H), 2.05 (s, 6H);
13C NMR (50 MHz, CDCl3): �� 171.25, 170.99, 162.29, 161.69, 156.40,
143.99, 129.46, 113.84, 113.55, 113.35, 101.88, 69.42, 65.47, 65.03, 30.96,
21.60, 21.37; elemental analysis calcd (%) for C17H18O7: C 61.07, H 5.43;
found: C 61.29, H 5.68.


(R)-7-(3,4-Diacetoxybutyloxy)-2H-1-benzopyran-2-one (5b): Following
the procedure for (�)-5b, diol (R)-1 (0.100 g, 0.40 mmol) afforded pure
(R)-5b (0.120 g, 90%, 90% ee) as a white solid. M.p. 76 ± 78 �C; [�]20D �
�9.6 (c� 0.65, CHCl3); elemental analysis calcd (%) for C17H18O7: C 61.07,
H 5.43; found: C 60.84, H 5.21.


Table 3. Chiral HPLC data for epoxides and diols.


Compound ee [%] Conditions[a] tR [min]


(R)-6 96 a 36.4
(S)-6 87 40.1
(R)-40 94 b 38.1
(S)-40 92 34.8
(R)-41 99 b 38.0
(S)-41 70 33.8
(R,R)-42 � 99 b 36.5
(S,S)-42 � 99 32.5
(R)-9 � 99 c 26.1
(S)-9 � 99 32.4
(R)-23 96 c 41.8
(S)-23 96 45.5


[a] Injection condition analysis on chiral HPLC column OD-H (Daicel:
25 cm� 0.46 i.d); a: 8:2 hexane/iPrOH, 0.5 mLmin�1, �� 320 nm; b:
8.5:1.5 hexane/iPrOH, 0.5 mLmin�1, �� 320 nm; c: 9:1 hexane/iPrOH,
0.5 mLmin�1, �� 230 nm.
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(S)-7-(3,4-Diacetoxybutyloxy)-2H-1-benzopyran-2-one (5b): Following the
procedure for (�)-5b, diol (S)-1 (0.100 g, 0.40 mmol) afforded pure (S)-5b
(0.123 g, 92%, 95% ee) as a white solid. M.p. 74 ± 76 �C; [�]20D ��9.8 (c�
0.50, CHCl3); elemental analysis calcd (%) for C17H18O7: C 61.07, H 5.43;
found: C 61.15, H 5.69.


(�)-7-(3,4-Epoxybutyloxy)-2H-1-benzopyran-2-one (6): The following pro-
cedure is typical. A solution of 69 (0.75 g, 3.47 mmol) in CH2Cl2 (15 mL)
was treated at 0 �C with 70% m-CPBA (1.111 g, 4.51 mmol). After 18 h at
0 �C, the solution was washed (10% aqueous Na2SO3, 5% aqueous NaOH,
and water), evaporated, and purified by flash chromatography (6:4 mixture
of hexane/EtOAc) to give 6 (0.708 g, 88%) as a solid. M.p. 67 ± 69 �C; IR
(KBr): �� � 3084 (w), 3051 (w), 2992 (w), 2961 (w) 2932 (w), 1714 (s), 1614
(s), 1295 (m), 1241 (m), 1136 (s), 1119 (s), 1020 cm�1 (m); 1H NMR
(200 MHz, CDCl3): �� 7.58 (d, 1H, J� 9.8 Hz), 7.31 (d, 1H, J� 8.3 Hz),
6.81 ± 6.75 (m, 2H), 6.18 (d, 1H, J� 9.8 Hz), 4.19 ± 4.03 (m, 2H), 3.14 ± 3.05
(m, 1H), 2.78 (t, 1H, J� 4.9 Hz), 2.53 (dd, 1H, J� 4.9, 2.4 Hz), 2.20 ± 2.04
(m, 1H), 1.97 ± 1.79 (m, 1H); 13C NMR (50 MHz, CDCl3): �� 162.53,
161.84, 156.44, 144.08, 129.46, 113.78, 113.41, 113.29, 102.06, 65.93, 50.08,
47.80, 32.81; elemental analysis calcd (%) for C13H12O4: C 67.23, H 5.21;
found: C 67.02, H 5.00.


(S)-7-(3,4-Epoxybutyloxy)-2H-1-benzopyran-2-one (6): The following pro-
cedure is typical.[29] Trimethyl orthoacetate (0.1 mL, 0.78 mmol) and PPTS
(1 mg) were added at room temperature to a stirred solution of (S)-1
(0.150 g, 0.60 mmol) in dry CH2Cl2 (1 mL) under argon atmosphere. After
40 min (the disappearance of the diol was monitored by TLC) evaporation
of the volatile compounds afforded a crude residue, which was taken up
with CH2Cl2 (1 mL) and treated with trimethylsilyl chloride (0.78 mmol,
0.1 mL). After 1 h stirring, the organic solvent was evaporated. The residue
was dissolved in MeOH (1 mL). K2CO3 (0.204 g, 1.48 mmol) was added,
and the resulting suspension was vigorously stirred for 2 h at 25 �C, then
filtered and evaporated. The residue was purified by flash chromatography
(6:4 hexane/EtOAc) to give (S)-6 (0.097 g, 70%, 87% ee) as a solid. M.p.
61 ± 64 �C; [�]20D ��23.0 (c� 0.30, CHCl3); elemental analysis calcd (%) for
C13H12O4: C 67.23, H 5.21; found: C 66.97, H 5.08.


(R)-7-(3,4-Epoxybutyloxy)-2H-1-benzopyran-2-one (6): Following the pro-
cedure for (S)-6, diol (R)-1 (0.150 g, 0.60 mmol) yielded pure (R)-6
(0.104 g, 75%, 96% ee) as a solid. M.p. 60 ± 63 �C; [�]20D ��21.8 (c� 0.45,
CHCl3); elemental analysis calcd (%) for C13H12O4: C 67.23, H 5.21; found:
C 67.39, H 5.52.


(�)-7-(4-Phenylacetamido-3-hydroxybutyloxy)-2H-1-benzopyran-2-one
(7): The following procedure is typical. A solution of amino alcohol 2
(0.075 g, 0.3 mmol) in dry CH2Cl2 (7.0 mL) and Et3N (0.1 mL) was treated
at 0 �C with phenylacetyl chloride (0.3 mmol, 40 �L). After 2 h at 0 �C
(TLC), aqueous workup (CH2Cl2/saturated aqueous NaCl) and flash
chromatography (EtOAc) gave 7 (0.044 g, 40%) as a semisolid. IR
(KBr): �� � 3426 (br s), 3088 (w), 2931 (w), 1709 (s), 1642 (s), 1614 (s),
1556 (m), 1385 (m), 1283 (m), 1232 (m), 1129 cm�1 (s); 1H NMR (200 MHz,
CHCl3): �� 7.56 (d, J� 9.8 Hz, 1H), 7.46 ± 7.00 (m, 6H), 6.74 ± 6.57 (m, 2H),
6.17 (d, J� 9.8 Hz, 1H), 4.16 ± 3.07 (m, 2H), 3.97 ± 3.77 (m, 1H), 3.54 (s,
2H), 3.40 (ddd, J� 13.9, 6.1, 3.2 Hz, 1H), 3.24 ± 3.05 (m, 1H), 1.90 ± 1.62 (m,
2H); 13C NMR (75 MHz, CD3OD): �� 174.46, 163.93, 157.14, 145.78,
136.93, 130.42, 130.13, 129.59, 127.92, 114.22, 114.01, 113.32, 102.28, 68.10,
66.34, 46.70, 43.86, 35.08; elemental analysis calcd (%) for C21H21NO5: C
68.65, H 5.76, N 3.81; found: C 68.34, H 5.93, N 3.69.


(�)-7-(3,4-Dihydroxybutyloxy)-2H-1-benzopyran-2-one-3,4-bis-(dihydro-
genphosphate) (8): The following procedure is typical. A solution of 55
(0.035 g, 0.045 mmol) in a mixture ethanol/water (4:1, 10 mL) is treated
with Pd on charcoal (0.003 g, 0.1 equiv) at 25 �C under 1 atmosphere H2 and
stirred vigorously for 3 h. Filtration over Celite and concentration in vacuo
gave pure 8 (0.020 g, quant.) as a syrup. IR (KBr): �� � 3480 (br s), 1706 (m),
1620 (s), 1557 (w), 1509 (w), 1402 (w), 1385 (m), 1285 (m), 1136 (m),
1081 cm�1 (m); 1H NMR (300 MHz, D2O): �� 7.88 (d, J� 9.2 Hz, 1H), 7.50
(d, J� 8.5 Hz, 1H), 6.96 ± 6.91 (m, 2H), 6.23 (d, J� 9.2 Hz, 1H), 4.53 (m,
1H), 4.20 (m, 2H), 4.00 (m, 2H), 2.12 (m, 2H); 13C NMR (75 MHz, D2O/
[D6]Ac): �� 164.65, 163.20, 156.27, 146.78, 130.77, 114.58, 113.87, 112.85,
102.49, 65.98, 60.82, 58.22, 32.17; 31P NMR (81 MHz, D2O): �� 4.1 (d, J�
16.2 Hz), 3.3 (d, J� 16.2 Hz); HRMS: calcd for C13H17O11P2


� : 411.0246;
observed: 411.0250.


(�)-2-(6-Methoxy-2-naphthyl)-1,2-ethanediol (9): Application of the pro-
cedure for (�)-1 to 71 (0.300 g, 1.63 mmol), and flash chromatography (7:3


CH2Cl2/acetone) gave 9 (0.231 g, 65%) as a solid. M.p. 148 ± 150 �C; IR
(KBr): �� � 3339 (br s), 3060 (w), 3011 (w), 2924 (w), 2888 (w), 2839 (w),
1637 (m), 1608 (S), 1487 (s), 1463 (S), 1261 (s), 1214 (s), 1165 (s), 1080 (s),
1030 cm�1 (s); 1H NMR (200 MHz, CD3OD): �� 7.84 ± 7.70 (m, 3H), 7.48
(dd, J� 8.6, 1.5 Hz, 1H), 7.24 (d, J� 2.5 Hz, 1H), 7.14 (dd, J� 9.0, 2.6 Hz,
1H), 4.84 (t, J� 6.1 Hz, 1H), 3.93 (s, 3H), 3.73 (d, J� 6.3 Hz, 2H);
13C NMR (75 MHz, CD3OD): �� 159.13, 138.40, 135.70, 130.33, 130.19,
127.88, 126.08, 126.02, 119.79, 106.61, 76.04, 68.65, 55.69; elemental analysis
calcd (%) for C13H14O3: C 71.54, H 6.47; found: C 71.25, H 6.11.


(S)-2-(6-Methoxy-2-naphthyl)-1,2-ethanediol (9): Application of the pro-
cedure for (S)-1 to 71 (0.368 g, 2.0 mmol) by using AD-mix-� followed by
flash chromatography (7:3 EtOAc/hexane) gave (S)-9 (0.222 g, 51%,
�99% ee), as a solid. M.p. 163 ± 164 �C; [�]20D ��36.2 (c� 0.40, MeOH);
elemental analysis calcd (%) for C13H14O3: C 71.54, H 6.47; found: C 71.63,
H 6.21.


(R)-2-(6-Methoxy-2-naphthyl)-1,2-ethanediol (9): Application of the pro-
cedure for (R)-1 to 71 (0.368 g, 2.0 mmol) with AD-mix-� gave (R)-9
(0.240 g, 55%, �99% ee) as a solid. M.p. 162 ± 163 �C; [�]20D ��36.0 (c�
0.42, MeOH); elemental analysis calcd (%) for C13H14O3: C 71.54, H 6.47;
found: C 71.42, H 6.15.


7-(3-Methyl-3-butenyloxy)-2H-1-benzopyran-2-one (11): Application of
the procedure for 69 to 3-methyl-3-butenyl-1-tosylate[23c] (1.20 g, 5.0 mmol)
afforded 11 (0.87 g, 76%). Flash chromatography (hexane/EtOAc 7:3) of
an analytical sample gave pure 11, as a solid. M.p. 50 ± 52 �C; IR (KBr): �� �
3080 (w), 3054 (w), 2937 (w), 2878 (w), 1724 (s), 1612 cm�1 (s); 1H NMR
(200 MHz, CDCl3): �� 7.64 (d, J� 9.3 Hz, 1H), 7.37 (d, J� 8.8 Hz, 1H),
6.89 ± 6.78 (m, 2H), 6.25 (d, J� 9.3 Hz, 1H), 4.87 (s, 1H), 4.81 (s, 1H), 4.14
(t, J� 6.8 Hz, 2H), 2.54 (t, J� 6.8 Hz, 2H), 1.82 (s, 3H); 13C NMR
(50 MHz, CDCl3): �� 162.85, 161.87, 156.61, 144.08, 142.26, 129.44, 113.71,
113.67, 113.24, 113.12, 102.15, 67.76, 37.55, 23.43; elemental analysis calcd
(%) for C14H14O3: C 73.03, H 6.13; found: C 73.31, H 5.92.


7-(4-Methyl-3-pentenyloxy)-2H-1-benzopyran-2-one (12) and 7-(4-methyl-
4-pentenyloxy)-2H-1-benzopyran-2-one (74): Application of the procedure
for 69 to the 3:1 mixture of 67 and 68 (1.60 g, 6.30 mmol) afforded a
corresponding mixture of 12 and 74 (1.18 g, 77%) which were not
separated, but directly used in the next step. Compound 12 : 1H NMR
(200 MHz, CDCl3): �� 7.60 (d, J� 9.3 Hz, 1H), 7.33 (d, J� 8.3 Hz, 1H),
6.86 ± 6.70 (m, 2H), 6.19 (d, J� 9.3 Hz, 1H), 5.20 ± 5.10 (m, 1H), 3.94 (t, J�
7.0 Hz, 2H), 2.52 ± 2.43 (m, 2H), 1.70 (s, 3H), 1.63 (s, 3H). Compound 74 :
1H NMR (200 MHz, CDCl3): �� 4.72 (s, 1H), 4.68 (s, 1H), 4.20 ± 3.94 (m,
2H), 2.30 ± 1.85 (m, 4H).


(E)-7-(3-Hexenyloxy)-2H-1-benzopyran-2-one (13): The procedure for 69
applied to (E)-3-hexenyl-1-tosylate[23a] (2.50 g, 9.84 mmol) afforded a crude
liquid product consisting of practically pure 13 (1.80 g, 75%). Flash
chromatography (hexane/EtOAc 8:2) of an analytical sample gave pure 13,
as a liquid. 1H NMR (200 MHz, CDCl3): �� 7.60 (d, 1H, J� 9.3 Hz), 7.33
(d, 1H, J� 8.8 Hz), 6.85 ± 6.72 (m, 2H), 6.20 (d, J� 9.3 Hz) , 1H, 5.70 ± 5.53
(m, 1H), 5.52 ± 5.34 (m, 1H), 3.98 (t, J� 6.8 Hz, 2H), 2.47 (q, J� 6.8 Hz,
2H), 2.01 (quintet, J� 7.0 Hz, 2H), 0.95 (t, J� 7.3 Hz, 3H); 13C NMR
(50 MHz, CDCl3): �� 162.89, 161.82, 156.48, 144.06, 136.00, 129.36, 124.42,
113.54, 113.23, 113.07, 102.04, 69.04, 32.82, 26.24, 14.31; elemental analysis
calcd (%) for C15H16O3: C 73.75, H 6.60; found: C 73.49, H 6.84.


(Z)-7-(3-Hexenyloxy)-2H-1-benzopyran-2-one (14): Application of the
procedure for 69 to (Z)-3-hexenyl-1-tosylate[23b] (2.50 g, 9.84 mmol) yielded
a crude product consisting of practically pure 14 (1.90 g, 79%). An
analytical sample was purified by flash chromatography (hexane/EtOAc
8:2) to give pure 14 as a semisolid. IR (Nujol): �� � 3084 (w), 1730 (s), 1612
(s), 1276 (m), 1224 (m), 1121 cm�1 (m); 1H NMR (200 MHz, CDCl3): ��
7.63 (d, J� 9.3 Hz, 1H), 7.32 (d, J� 8.3 Hz, 1H), 6.72 ± 6.90 (m, 2H), 6.24 (d,
J� 9.8 Hz, 1H), 5.29 ± 5.64 (m, 2H), 3.97 (t, J� 6.8 Hz, 2H), 2.52 (q, J�
6.8 Hz, 2H), 2.06 (quintet, J� 7.0 Hz, 2H), 0.96 (t, J� 7.3 Hz, 3H);
13C NMR (50 MHz, CDCl3): �� 162.80, 161.73, 156.45, 144.00, 135.40,
129.33, 124.08, 113.52, 113.45, 113.05, 101.99, 68.72, 27.63, 21.27, 14.78;
elemental analysis calcd (%) for C15H16O3: C 73.75, H 6.60; found: C 73.51,
H 6.89.


(�)-7-(3,4-Dihydroxy-3-methylbutyloxy)-2H-1-benzopyran-2-one (15):
The following procedure is typical. A solution of epoxide (�)-40 (0.096 g,
0.391 mmol) in THF (4 mL) was treated with 0.2 N aqueous H2SO4 (4 mL)
and the reaction mixture was stirred at 25 �C for 2 h. Aqueous workup
(EtOAc/saturated aqueous NaHCO3) and flash chromatography (7:3
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CH2Cl2/acetone) gave 15 (0.085 g, 83%) as a solid. M.p. 104 ± 106 �C; IR
(KBr): �� � 3463 (br s), 3425 (br s), 3076 (w), 2934 (w), 2884 (w), 1700 (s),
1613 cm�1 (S); 1H NMR (200 MHz, CD3OD): �� 7.88 (d, J� 9.8 Hz, 1H),
7.53 (d, J� 9.3 Hz, 1H), 6.99 ± 6.87 (m, 2H), 6.24 (d, J� 9.8 Hz, 1H), 4.24 (t,
J� 7.1 Hz, 2H), 3.43 (s, 2H), 2.02 (t, J� 6.8 Hz, 2H), 1.24 (s, 3H); 13C NMR
(50 MHz, CD3OD): �� 163.36, 162.86, 156.57, 145.25, 129.89, 113.72,
113.43, 112.76, 101.76, 72.33, 70.17, 65.75, 37.85, 23.96; elemental analysis
calcd (%) for C14H16O5: C 63.63, H 6.10; found: C 63.37, H 6.41.


(S)-7-(3,4-Dihydroxy-3-methylbutyloxy)-2H-1-benzopyran-2-one (15):
Application of the procedure for (S)-1 to olefin 11 (0.40 g, 1.74 mmol)
gave (S)-15 (0.32 g, 70%), as a solid. M.p. 100 ± 102 �C; [�]20D ��8.3 (c�
0.62, MeOH); elemental analysis calcd (%) for C14H16O5: C 63.63, H 6.10;
found: C 63.29, H 5.81.


(R)-7-(3,4-Dihydroxy-3-methylbutyloxy)-2H-1-benzopyran-2-one (15):
Application of the procedure for (R)-1 to olefin 11 (0.40 g, 1.74 mmol)
gave (R)-15 (0.31 g, 67%) as a solid. M.p. 98 ± 100 �C; [�]20D ��6.1 (c� 1.06,
MeOH); elemental analysis calcd (%) for C14H16O5: C 63.63, H 6.10;
found: C 63.82, H 5.92.


(�)-7-(3,4-Dihydroxy-4-methylpentyloxy)-2H-1-benzopyran-2-one (16):
Application of the procedure for (�)-1 to the 3:1 mixture of 12 and 74
(0.51 g, 2.09 mmol) and flash chromatography (7:3 CH2Cl2/acetone) gave
16 (0.34 g, 58%) as a solid. M.p. 92 ± 94 �C; IR (KBr): �� � 3391 (br s), 3097
(w), 2974 (w), 2964 (w), 2946 (w), 1736 (s), 1615 (S), 1283 (m), 1229 (m),
1164 (m), 1128 cm�1 (m); 1H NMR (200 MHz, CD3OD): �� 7.87 (d, J�
9.3 Hz, 1H), 7.52 (d, J� 8.3 Hz, 1H), 7.00 ± 6.85 (m, 2H), 6.23 (d, J� 9.1 Hz,
1H), 4.23 (dd, J� 7.8, 4.9 Hz, 2H), 3.56 (dd, J� 10.7, 1.7 Hz, 1H), 2.27 ± 2.05
(m, 1H), 1.85 ± 1.62 (m, 1H), 1.21 (s, 3H), 1.18 (s, 3H); 13C NMR (50 MHz,
CD3OD): �� 163.91, 163.28, 156.92, 145.66, 130.30, 114.10, 113.78, 113.17,
102.17, 75.63, 73.50, 67.37, 31.91, 25.79, 24.95; elemental analysis calcd (%)
for C15H18O5: C 64.74, H 6.52; found: C 64.96, H 6.31.


(S)-7-(3,4-Dihydroxy-4-methylpentyloxy)-2H-1-benzopyran-2-one (16):
Application of the procedure for (S)-1 to the 3:1 mixture of 12 and 74
(2.0 g, 8.20 mmol) and flash chromatography (7:3 CH2Cl2/acetone) gave
(S)-16 (40% ee).[21] The product was recrystallized from diisopropyl ether
to give pure (S)-16 as a solid (70% ee). M.p. 104 ± 105 �C; [�]20D ��32.5
(c� 0.33, MeOH); elemental analysis calcd (%) for C15H18O5: C 64.74, H
6.52; found: C 64.89, H 6.23.


(R)-7-(3,4-Dihydroxy-4-methylpentyloxy)-2H-1-benzopyran-2-one (16):
Application of the procedure for (R)-1 to the mixture of 12 and 74 (2.0 g,
8.20 mmol) gave (R)-16 as a solid (61% ee),[30] which was recrystallized
from diisopropyl ether to give pure (R)-16 as a solid (99% ee). M.p. 105 ±
106 �C; [�]20D ��31.0 (c� 0.12, MeOH); elemental analysis calcd (%) for
C15H18O5: C 64.74, H 6.52; found: C 64.50, H 6.31.


(S,S)-7-(3,4-Dihydroxyhexyloxy)-2H-1-benzopyran-2-one (17): Applica-
tion of the procedure for (S)-1 to olefin 13 (0.430 g, 1.762 mmol) gave
(S,S)-17 (0.33 g, 67%) as a solid. M.p. 134 ± 136 �C; [�]20D � 27.1 (c� 0.38,
MeOH); IR (KBr): �� � 3410 (br s), 3308 (br s), 3060 (w), 2954 (w), 2920 (w),
2886 (w), 1713 (s), 1615 (S), 1283 (m), 1235 (m), 1129 cm�1 (m); 1H NMR
(200 MHz, CD3OD): �� 7.87 (d, J� 9.3 Hz, 1H), 7.52 (d, J� 7.8 Hz, 1H),
6.99 ± 6.86 (m, 2H), 6.23 (d, J� 9.8 Hz, 1H), 4.28 ± 4.14 (m, 2H), 3.79 ± 3.64
(m, 1H), 3.42 ± 3.27 (m, 1H), 2.14 ± 1.80 (m, 2H), 1.73 ± 1.38 (m, 2H), 0.99
(t, J� 7.3 Hz, 3H); 13C NMR (50 MHz, CD3OD): �� 163.99, 163.36, 157.03,
145.71, 130.38, 114.15, 113.89, 113.22, 102.22, 76.90, 71.41, 66.93, 33.67,
26.74, 10.74; elemental analysis calcd (%) for C15H18O5: C 64.74, H 6.52;
found: C 64.51, H 6.17.


(R,R)-7-(3,4-Dihydroxyhexyloxy)-2H-1-benzopyran-2-one (17): Applica-
tion of the procedure for (R)-1 to olefin 13 (0.430 g, 1.762 mmol) gave
(R,R)-17 (0.348 g, 71%) as a solid. M.p. 130 ± 132 �C; [�]20D ��22.1 (c�
0.83, MeOH); elemental analysis calcd (%) for C15H18O5: C 64.74, H 6.52;
found: C 64.48, H 6.27.


(3R*,4S*)-7-(3,4-Dihydroxyhexyloxy)-2H-1-benzopyran-2-one (18): Ap-
plication of the procedure for (�)-1 to 14 (0.300 g, 1.23 mmol) and flash
chromatography (7:3 CH2Cl2/acetone) gave (3R*,4S*)-18 (0.270 g, 79%) as
a white solid. M.p. 112 ± 114 �C; IR (KBr): �� � 3259 (br s), 2966 (w), 2933
(w), 2877 (w), 1733 (s), 1623 (s), 1555 (m), 1406 (m), 1295 (s), 1235 (s), 1141
(s), 1090 (m), 1051 cm�1 (m); 1H NMR (200 MHz, CD3OD): �� 7.83 (d, J�
9.3 Hz, 1H), 7.48 (d, J� 8.3 Hz, 1H), 6.93 ± 6.81 (m, 2H), 6.19 (d, J�
9.8 Hz, 1H), 4.29 ± 4.13 (m, 2H), 3.74 ± 3.55 (m, 1H), 3.42 ± 3.22 (m, 1H),
2.29 ± 2.06 (m, 1H), 1.90 ± 1.55 (m, 2H), 1.53 ± 1.22 (m, 1H), 0.97 (t, J�
7.3 Hz, 3H); 13C NMR (50 MHz, CD3OD): �� 164.03, 163.36, 157.07,


145.75, 130.36, 114.18, 113.90, 113.20, 102.26, 77.51, 72.20, 66.94, 33.07, 26.71,
10.63; elemental analysis for C15H18O5: C 64.74, H 6.52; found: C 64.85, H
6.33.


7-(3-Cyclopentenyloxy)-2H-1-benzopyran-2-one (19): Application of the
procedure for 69 to 66 (2.38 g, 10.0 mmol) afforded practically pure 19
(1.892 g, 83%). An analytical sample was recrystallized from petroleum
ether (b.p. 80 ± 100 �C) to give 19 as a solid. M.p. 112 ± 114 �C; IR (KBr): �� �
3063 (w), 3043 (w), 2957 (w), 2927 (w) 2908 (w), 1718 (s), 1610 (s), 1233 (m),
1127 cm�1 (m); 1H NMR (200 MHz, CDCl3): �� 7.62 (d, J� 9.3 Hz, 1H),
7.34 (d, J� 8.3 Hz, 1H), 6.86 ± 6.70 (m, 2H), 6.21 (d, J� 9.8 Hz, 1H), 5.75 (s,
2H), 5.09 ± 4.93 (m, 1H), 2.85 (dd, J� 17.0, 6.8 Hz, 2H), 2.55 (d, J�
18.1 Hz, 2H); 13C NMR (50 MHz, CDCl3): �� 161.91, 161.70, 156.39,
144.15, 129.42, 128.93, 114.32, 113.45, 112.90, 102.68, 77.99, 40.48; elemental
analysis calcd (%) for C14H12O3: C 73.67, H 5.30; found: C 73.40, H 5.04.


(1 r,3R,4S)-7-(3,4-Dihydroxycyclopentyloxy)-2H-1-benzopyran-2-one (20)
and (1s,3R,4S)-7-(3,4-dihydroxycyclopentyloxy)-2H-1-benzopyran-2-one
(21): Application of the procedure for (�)-1 to olefin 19 (0.35 g, 1.53 mmol)
afforded a crude solid product consisting of a 2:1 mixture (1H NMR) of
diols 20 and 21. Flash chromatography (silica gel 60 RP-18, elution with 1:1
MeOH/H2O) gave diol 20 (0.187 g, 47%) and 21 (0.067 g, 17%). 20 : white
solid. M.p. 171 ± 173 �C; IR (KBr): �� � 3385 (br s), 3077 (w), 2942 (w), 1708
(s), 1619 (s), 1350 (m), 1282 (m), 1235 (m), 1123 (m), 1111 (m), 1099 cm�1


(m); 1H NMR (200 MHz, CD3OD): �� 7.87 (d, J� 9.8 Hz, 1H), 7.51 (d, J�
8.8 Hz, 1H), 6.97 ± 6.77 (m, 2H), 6.23 (d, J� 9.3 Hz, 1H), 4.97 ± 4.73 (m,
1H), 4.07 ± 3.87 (m, 2H), 2.50 ± 2.30 (m, 2H), 2.00 ± 1.80 (m, 2H); 13C NMR
(50 MHz, CD3OD): �� 163.46, 163.06, 157.14, 145.82, 130.45, 115.00,
113.91, 113.24, 103.14, 76.89, 73.62, 39.00; elemental analysis calcd (%) for
C14H1405: C 64.12, H 5.38; found: C 64.33, H 5.61. Compound 21: white
solid; m.p. 148 ± 150 �C; IR (KBr): �� � 3431 (s), 3344 (s), 3081 (w), 2910 (w),
1704 (s), 1621 (s), 1554 (m), 1287 (m), 1240 (m), 1137 (s), 1015 cm�1 (m);
1H NMR (200 MHz, CD3OD): �� 7.86 (d, J� 9.8 Hz, 1H), 7.51 (d, J�
8.8 Hz, 1H), 6.91 ± 6.74 (m, 2H), 6.23 (d, J� 9.8 Hz, 1H), 5.03 ± 4.91 (m,
1H), 4.19 (t, J� 4.4 Hz, 2H), 2.34 ± 2.08 (m, 2H), 2.07 ± 1.88 (m, 2H);
13C NMR (50 MHz, CD3OD): �� 162.34, 162,79, 157.10, 145.73, 130.51,
114.71, 113.96, 113.35, 103.19, 77.60, 73.65, 39.34; elemental analysis calcd
(%) for C14H14O5: C 64.12, H 5.38; found: C 63.91, H 5.59.


(3R*,4R*)-7-(3,4-Dihydroxycyclopentyloxy)-2H-1-benzopyran-2-one
(22): Application of the procedure for 15 to the 1:2 mixture of epoxides 45
and 44 (0.20 g, 0.82 mmol) and flash chromatography (1:1 CH2Cl2/acetone)
gave 22 (0.142 g, 66%) as a solid. M.p. 122 ± 124 �C; IR (KBr): �� � 3374
(br s), 3075 (w), 2935 (w), 1732 (s), 1612 (S), 1352 (m), 1280 (m), 1233 (m),
1122 cm�1 (s); 1H NMR (200 MHz, CD3OD): �� 7.78 (d, J� 9.3 Hz, 1H),
7.42 (d, J� 8.3 Hz, 1H), 6.84 ± 6.72 (m, 2H), 6.17 (d, J� 9.3 Hz, 1H), 4.98 ±
4.87 (m, 1H), 4.14 (quartet, J� 5.2 Hz, 1H), 4.07 ± 3.91 (m, 1H), 2.63 (dt,
J� 14.5, 7.2 Hz, 1H), 2.25 ± 2.00 (m, 2H), 1.74 (dt, J� 14.6, 3.9 Hz, 1H);
13C NMR (50 MHz, CD3OD): �� 163.24, 162.69, 156.89, 145.60, 130.35,
114.73, 113.77, 113.20, 103.06, 78.17, 78.09, 77.59, 39.73; elemental analysis
calcd (%) for C14H14O5: C 64.12, H 5.38; found: C 64.01, H 5.10.


(�)-4-(p-Nitrophenoxy)-1,2-butanediol (23): Application of the procedure
for (�)-1 to 70 (0.080 g, 0.414 mmol) and flash chromatography (1:1
CH2Cl2/acetone) gave 23 (0.070 g, 74%) as a solid. M.p. 98 ± 100 �C; IR
(KBr): �� � 3380 (br s), 3275 (br s), 3081 (w), 2964 (w), 2926 (w), 2880 (w),
1610 (s), 1597 (s), 1513 (s), 1499 (s), 1389 (m), 1333 (s), 1303 (m), 1265 (s),
1243 (m), 1176 (m), 1124 (m), 1105 (m), 1067 (m), 1046 cm�1 (m); 1H NMR
(200 MHz, CD3OD): �� 8.2 (d, J� 9.3 Hz, 2H), 7.1 (d, J� 9.3 Hz, 2H),
4.37 ± 4.14 (m, 2H), 3.93 ± 3.76 (m, 1H), 3.53 (d, J� 5.9 Hz, 2H), 2.19 ± 1.97
(m, 1H), 1.93 ± 1.72 (m, 1H); 13C NMR (75 MHz, CD3OD): �� 165.68,
142.71, 126.79, 115.75, 69.92, 67.41, 66.80, 33.93; elemental analysis calcd
(%) for C10H13NO5: C 52.86, H 5.77, N 6.16; found: C 52.55, H 5.91, N 5.90.


(S)-4-(p-Nitrophenoxy)-1,2-butanediol (23): Application of the procedure
for (S)-1 to 70 (0.193 g, 1.0 mmol) and flash chromatography (1:1 CH2Cl2/
acetone) gave (S)-23 (0.181 g, 80%, 96% ee), as a solid. M.p. 121 ± 122 �C;
[�]20D ��31.1 (c� 0.37, MeOH); elemental analysis calcd (%) for
C10H13NO5: C 52.86, H 5.77, N 6.16; found: C 52.98, H 5.53, N 5.96.


(R)-4-(p-Nitrophenoxy)-1,2-butanediol (23): Application of the procedure
for (R)-1 to 70 (0.193 g, 1.0 mmol) gave (R)-23 (0.188 g, 83%, 96% ee) as a
solid. M.p. 120 ± 121 �C; [�]20D ��31.3 (c� 0.37, MeOH); elemental analysis
calcd (%) for C10H13NO5: C 52.86, H 5.77, N 6.16; found: C 52.64, H 5.45, N
5.91.
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7-[5-(Methyl-�-�-lyxofuranosyloxy)]-2H-1-benzopyran-2-one (24): Com-
pound 72 (0.039 g, 0.11 mmol) was suspended in methanol (10 mL), and
2 mL of a 50% aqueous TFA solution were added. Overnight reflux,
aqueous workup (50 mL EtOAc, wash with 3� 10 mL 1� NaOH, dry over
MgSO4), and chromatography of the residue (EtOAc/hexane 8:2) gave 24
as a white solid. M.p. 168 ± 169 �C; [�]20D ��7.0 (c� 0.2, CHCl3); 1H NMR
(300 MHz, CDCl3/CD3OD): �� 7.80 (d, J� 9.5 Hz, 1H), 7.46 (d, J� 8.5 Hz,
1H), 6.92 (m, 2H), 6.23 (d, J� 9.5 Hz, 1H), 4.88 (d, J� 2.2 Hz, 1H), 4.30
(m, 4H), 4.05 (m, 1H), 3.39 (s, 3H); 13C NMR (75 MHz, CDCl3/CD3OD):
�� 162.4, 144.6, 129.2, 113.6, 113.3, 112.5, 108.8, 101.6, 78.9, 76.0, 71.0, 68.3,
55.2; EI-MS: m/z : 308 [M�], 276 [M��CH3OH], 258 [M��CH3OH�
H2O], 162 [umbelliferyl�], 134 [umbelliferyl��CO].


7-[5-(Methyl-�-�-ribofuranosyloxy)]-2H-1-benzopyran-2-one (25): Appli-
cation of the procedure for 24 to 73 (0.3 g, 0.86 mmol) gave 25 as a white
solid. M.p. 141 ± 142 �C; [�]20D ��20.9 (c� 0.1, CH3OH); IR (KBr): �� �
3486 (s), 3370 (s), 3096 (w), 2927 (m), 1704 (s), 1623 (s), 1611 (s), 1556 (m),
1385 (m), 1300 (s), 1240 (m), 1151 (s), 1106 (m), 1047 cm�1 (m); 1H NMR
(300 MHz, CDCl3/CD3OD): �� 7.79 (d, J� 9.5 Hz, 1H), 7.46 (d, J� 8.5 Hz,
1H), 6.92 (m, 2H), 6.23 (d, J� 9.5 Hz, 1H), 4.82 (s, 1H), 4.28 (m, 3H), 4.11
(m, 1H), 3.95 (m, 1H), 3.32 (s, 3H); 13C NMR (75 MHz, CDCl3/CD3OD):
�� 163.0, 156.3, 150.6, 145.1, 129.8, 113.9, 113.6, 113.1, 109.3, 102.2, 81.5,
75.2, 72.1, 70.6, 55.4; elemental analysis calcd (%) for C15H16O7: C 58.44, H
5.23; found: C 58.42, H 5.13.


(�)-7-(4-Acetoxy-3-hydroxy-3-methylbutyloxy)-2H-1-benzopyran-2-one
(26): Application of the procedure for 5a to diol 15 (0.088 g, 0.33 mmol)
and flash chromatography (8:2 CH2Cl2/acetone) gave 26 (0.076 g, 75%) as
a solid. M.p. 76 ± 78 �C; IR (nujol): �� � 3461 (m), 1710 (s), 1622 (s), 1465
(m), 1278 (m), 1139 (m), 1035 cm�1 (m); 1H NMR (200 MHz, CDCl3): ��
7.64 (d, J� 9.8 Hz, 1H), 7.37 (d, J� 9.3 Hz, 1H), 6.86 ± 6.78 (m, 2H), 6.25 (d,
J� 9.8 Hz, 1H), 4.24 (t, J� 6.3 Hz, 2H), 4.07 (s, 2H), 2.11 (s, 3H), 2.11 ±
2.00 (m, 2H), 1.32 (s, 3H); 13C NMR (50 MHz, CDCl3): �� 171.55, 162.31,
161.73, 156.33, 144.00, 129.39, 113.62, 113.42, 113.19, 101.93, 71.58, 71.36,
65.25, 37.93, 25.08, 21.39; elemental analysis calcd (%) for C16H18O6: C
62.74, H 5.92; found: C 62.95, H 6.12.


(R)-7-(4-Acetoxy-3-hydroxybutyloxy)-2H-1-benzopyran-2-one (26): Fol-
lowing the same procedure, diol (R)-15 (0.065 g, 0.25 mmol) gave (R)-26
(0.074 g, 98%, 95% ee) as a solid. M.p. 87 ± 89 �C; [�]20D ��4.8 (c� 0.88,
MeOH); elemental analysis calcd (%) for C16H18O6: C 62.74, H 5.92;
found: C 62.58, H 6.21.


(S)-7-(4-Acetoxy-3-hydroxybutyloxy)-2H-1-benzopyran-2-one (26): Fol-
lowing the same procedure, diol (S)-15 (0.075 g, 0.28 mmol) gave (S)-26
(0.078 g, 91%, 92% ee) as a solid. M.p. 85 ± 87 �C; [�]20D ��5.7 (c� 0.11,
MeOH); elemental analysis calcd (%) for C16H18O6: C 62.74, H 5.92;
found: C 62.89, H 6.00.


(�)-7-(3-Acetoxy-4-hydroxy-4-methylpentyloxy)-2H-1-benzopyran-2-one
(27): Ac2O (25 �L) was added to a solution of diol 16 (0.050 g, 0.18 mmol)
in pyridine at 0 �C, and the reaction mixture was left at 0 �C for 18 h. Co-
evaporation of excess reagents with toluene followed by flash chromatog-
raphy (hexane/EtOAc 8:2) gave 27 (0.043 g, 75%) as a white solid. M.p.
55 ± 57 �C; IR (KBr): �� � 3416 (br s), 3054 (w), 2981 (w), 2940 (w), 1720 (s),
1712 (s), 1620 (s), 1398 (m), 1385 (m), 1352 (m), 1286 (m), 1237 (s), 1132
(m), 1041 cm�1 (m); 1H NMR (200 MHz, CDCl3): �� 7.62 (d, J� 9.3 Hz,
1H), 7.34 (d, J� 8.9 Hz, 1H), 6.85 ± 6.75 (m, 2H), 6.23 (d, J� 9.3 Hz, 1H),
5.04 (dd, J� 9.8, 2.9 Hz, 1H), 4.14 ± 3.93 (m, 2H), 2.33 ± 1.98 (2H), 2.09 (s,
3H), 1.25 (s, 6H); 13C NMR (50 MHz, CDCl3): �� 171.48, 162.56, 161.81,
156.46, 144.05, 129.43, 113.72, 113.52, 113.29, 102.06, 77.31, 72.75, 66.22,
29.89, 26.89, 26.05, 21.60; elemental analysis calcd (%) for C17H20O6: C
63.74, H 6.29; found: C 63.91, H 5.98.


(R)-7-(3-Acetoxy-4-hydroxy-4-methylpentyloxy)-2H-1-benzopyran-2-one
(27): Following the same procedure, diol (R)-16 (0.050 g, 0.18 mmol)
afforded pure (R)-27 (0.042 g, 73%, 99% ee) as a syrup. [�]20D ��21.2 (c�
0.25, MeOH); elemental analysis calcd (%) for C17H20O6: C 63.74, H 6.29;
found: C 63.57, H 6.07.


(S)-7-(3-Acetoxy-4-hydroxy-4-methylpentyloxy)-2H-1-benzopyran-2-one
(27): Following the same procedure, diol (S)-16 (0.050 g, 0.18 mmol)
afforded pure (S)-27 (0.045 g, 79%, 83% ee) as a syrup. [�]20D ��23.3 (c�
0.23, MeOH); elemental analysis calcd (%) for C17H20O6: C 63.74, H 6.29;
found: C 63.55, H 6.44.


(1 r,3R,4S)-7-(3,4-Diacetoxycyclopentyloxy)-2H-1-benzopyran-2-one (28):
The typical procedure for 27 with diol 20 (0.050 g, 0.19 mmol) followed by


flash chromatography (4:6 hexane/EtOAc) gave (3R*,4S*)-28 (0.058 g,
89%) as a white solid. M.p. 135 ± 137 �C; IR (KBr): �� � 3050 (w), 2929 (w),
1743 (s), 1726 (s), 1621 (s), 1385 (m), 1255 (s), 1239 (s), 1137 (s), 1036 cm�1


(m); 1H NMR (200 MHz, CDCl3): �� 7.61 (d, J� 9.3 Hz, 1H), 7.35 (d, J�
8.8 Hz, 1H), 6.81 ± 6.65 (m, 2H), 6.22 (d, J� 9.8 Hz, 1H), 5.24 ± 5.07 (m,
2H), 4.83 ± 4.68 (m, 1H), 2.65 ± 2.41 (m, 2H), 2.20 ± 1.94 (m, 2H). 2.04 (s,
6H); 13C NMR (50 MHz, CDCl3): �� 170.55, 161.28, 160.96, 156.08, 143.58,
129.23, 113.55, 112.97, 102.74, 74.59, 72.57, 36.10, 21.14; elemental analysis
calcd (%) for C18H18O7: C 62.42, H 5.24; found: C 62.21, H 5.01.


(1 s,3R,4S)-7-(3,4-Diacetoxycyclopentyloxy)-2H-1-benzopyran-2-one (29):
Following the typical procedure for 27 on diol 21 (0.040 g, 0.15 mmol) and
flash chromatography (4:6 hexane/EtOAc) gave (3R*,4S*)-29 (0.045 g,
86%) as a white solid. M.p. 125 ± 127 �C; IR (KBr): �� � 3053 (w), 2994 (w),
2952 (w), 1743 (s), 1727 (s), 1619 (s), 1266 (s), 1238 (s), 1132 (m), 1088 cm�1


(m); 1H NMR (200 MHz, CDCl3): �� 7.64 (d, J� 9.3 Hz, 1H), 7.37 (d, J�
8.3 Hz, 1H), 6.83 ± 6.68 (m, 2H), 6.26 (d, J� 9.3 Hz, 1H), 5.50 ± 5.33 (m,
2H), 5.03 ± 4.87 (m, 1H), 2.47 ± 2.13 (m, 4H), 2.07 (s, 6H); 13C NMR
(50 MHz, CDCl3): �� 170.49, 161.39, 160.87, 156.22, 143.63, 129.31, 114.09,
113.74, 113.11, 102.37, 74.99, 72.88, 36.55, 21.19; elemental analysis calcd
(%) for C18H18O7: C 62.42, H 5.24; found: C 62.16, H 4.92.


(�)-2-(6-Methoxy-2-naphthyl)-1-acetoxy-2-hydroxyethane (30a): The pro-
cedure for 5a with diol 9 (0.087 g, 0.40 mmol) and flash chromatography
(6:4 hexane/EtOAc) gave 30a (0.060 g, 58%) as a solid. M.p. 90 ± 92 �C; IR
(KBr): �� � 3450 (br s), 3062 (w), 3009 (w), 2962 (w), 2939 (w), 1733 (s), 1609
(m), 1384 (m), 1267 (s), 1218 (s), 1166 (m), 1030 cm�1 (s); 1H NMR
(200 MHz, CDCl3): �� 7.77 ± 7.69 (m, 3H), 7.46 ± 7.42 (m, 1H), 7.18 ± 7.12
(m, 2H), 5.12 ± 5.04 (m, 1H) 4.35 (dd, J� 11.5, 3.7 Hz, 1H), 4.23 (dd, J�
11.7, 8.3 Hz, 1H), 3.91 (s, 3H), 2.11 (s, 3H); 13C NMR (50 MHz, CDCl3):
�� 171.53, 158.27, 135.28, 134.79, 129.83, 129.05, 127.57, 125.44, 124.83,
119.52, 106.06, 72.88, 69.67, 55.67, 21.35; elemental analysis calcd (%) for
C15H16O4: C 69.22, H 6.20; found: C 69.47, H 6.03.


(R)-2-(6-Methoxy-2-naphthyl)-1-acetoxy-2-hydroxyethane (30a): Follow-
ing the same procedure, diol (R)-9 (0.090 g, 0.41 mmol) afforded pure (R)-
30a (0.055 g, 51%, 99% ee ) as a solid. M.p. 101 ± 103 �C; [�]20D ��40.7 (c�
0.21, CHCl3); elemental analysis calcd (%) for C15H16O4: C 69.22, H 6.20;
found: C 69.02, H 5.95.


(S)-2-(6-Methoxy-2-naphthyl)-1-acetoxy-2-hydroxyethane (30a): Follow-
ing the same procedure, diol (S)-9 (0.090 g, 0.41 mmol) afforded pure (S)-
30a (0.050 g, 47%, 99% ee) as a solid. M.p. 102 ± 104 �C; [�]20D ��38.0 (c�
0.20, CHCl3); elemental analysis calcd (%) for C15H16O4: C 69.22, H 6.20;
found: C 69.39, H 6.09.


(�)-2-(6-Methoxy-2-naphthyl)-1,2-diacetoxyethane (30b): Application of
the procedure for 27 to diol 9 (0.050 g, 0.23 mmol) and flash chromatog-
raphy (7:3 hexane/EtOAc) gave 30b (0.061 g, 88%) as a white solid. M.p.
65 ± 66 �C; IR (KBr): �� � 3014 (w), 2964 (w), 2951 (w), 2941 (w), 1739 (br s),
1633 (m), 1610 (m), 1487 (m), 1392 (m), 1379 (m), 1273 (s), 1248 (s), 1223
(s). 1062 (s), 1049 (s), 1027 cm�1 (s); 1H NMR (200 MHz, CDCl3): �� 7.83 ±
7.65 (m, 3H), 7.50 ± 7.33 (m, 1H), 7.22 ± 7.04 (m, 2H), 6.15 (t, J� 6.1 Hz,
1H), 4.40 (d, J� 5.9 Hz, 2H), 3.92 (s, 3H), 2.14 (s, 3H), 2.07(s, 3H);
13C NMR (50 MHz, CDCl3): �� 169.02, 168.47, 156.54, 132.98, 129.94,
127.92, 126.97, 125.70, 124.43, 123.19, 117.70, 104.07, 71.87, 64.45, 53.71,
19.52, 19.14; elemental analysis calcd (%) for C17H18O5: C 67.54, H 6.00;
found: C 67.72, H 5.76.


(R)-2-(6-Methoxy-2-naphthyl)-1,2-diacetoxyethane (30b): Following the
same procedure, diol (R)-9 (0.040 g, 0.18 mmol) afforded pure (R)-30b
(0.049 g, 91%, 99% ee) as a white waxy solid. [�]20D ��76.5 (c� 0.16,
CHCl3); elemental analysis calcd (%) for C17H18O5: C 67.54, H 6.00; found:
C 67.29, H 6.17.


(S)-2-(6-Methoxy-2-naphthyl)-1,2-diacetoxyethane (30b): Following the
same procedure, diol (S)-9 (0.040 g, 0.18 mmol) afforded pure (S)-30b
(0.047 g, 87%, 99% ee) as a white waxy solid. [�]20D ��73.9 (c� 0.14,
CHCl3); elemental analysis calcd (%) for C17H18O5: C 67.54, H 6.00; found:
C 67.42, H 5.86.


(3R*,4R*)-7-(3,4-Diacetoxycyclopentyloxy)-2H-1-benzopyran-2-one (31):
The typical procedure for 27 was applied with diol 22 (0.050 g, 0.19 mmol).
Purification by flash chromatography (4:6 hexane/EtOAc) gave (3R*,4R*)-
31 (0.040 g, 61%) as a white solid. M.p. 103 ± 105 �C; IR (KBr): �� � 2968
(w), 1733 (s), 1623 (s), 1242 (br s), 1142 (m), 1043 cm�1 (m); 1H NMR
(200 MHz, CDCl3): �� 7.63 (d, J� 9.8 Hz, 1H), 7.36 (d, J� 8.3 Hz, 1H),
6.84 ± 6.69 (m, 2H), 6.24 (d, J� 9.8 Hz, 1H), 5.42 ± 5.27 (m, 1H), 5.19 ± 5.04
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(m, 1H), 4.95 ± 4.80 (m, 1H), 2.80 ± 2.58 (m, 1H), 2.54 ± 2.34 (m, 1H), 2.27 ±
1.84 (m, 2H), 2.07 (s, 3H), 2.05 (s, 3H); 13C NMR (50 MHz, CDCl3): ��
170.71, 170.52, 161.44, 161.01, 156.27, 143.71, 129.36, 113.94, 113.82, 113.19,
102.79, 77.55, 76.51, 37.56, 37.27, 21.41; elemental analysis calcd (%) for
C18H18O7: C 62.42, H 5.24; found: C 62.31, H 5.10.


(�)-4-(p-Nitrophenoxy)-1-acetoxy-2-hydroxybutane (32a): The procedure
for 5a was applied on diol 23 (0.100 g, 0.44 mmol). Flash chromatography
(1:1 hexane/EtOAc) gave 32a (0.078 g, 66%) as a pale yellow waxy solid.
IR (neat): �� � 3457 (brm), 3117 (w), 3087 (w), 2953 (w), 1738 (s), 1608 (s),
1595 (s), 1513 (s), 1343 (s), 1263 (br s), 1112 cm�1 (s); 1H NMR (300 MHz,
CDCl3): �� 8.20 (d, J� 9.2 Hz, 2H), 6.96 (d, J� 9.2 Hz, 2H), 4.32 ± 4.23 (m,
3H), 4.21 ± 4.11 (m, 1H), 4.06 (dd, J� 10.8, 6.8 Hz, 1H), 2.11 (s, 3H), 2.05 ±
1.89 (m, 2H); 13C NMR (75 MHz, CDCl3): �� 171.15, 163.69, 141.62,
125.93, 114.43, 68.56, 66.99, 65.10, 32.53, 20.82; elemental analysis calcd
(%) for C12H15NO6: C.53.53, H 5.62, N 5.20; found: C 53.46, H 5.68, N 5.10.


(S)-4-(p-Nitrophenoxy)-1-acetoxy-2-hydroxybutane (32a): Following the
same procedure, diol (S)-23 (0.028 g, 0.12 mmol) afforded (S)-32a (0.024 g,
72%, 96% ee) as a pale yellow waxy solid. [�]20D ��10.2 (c� 0.46, CHCl3);
elemental analysis calcd (%) for C12H15NO6: C.53.53, H 5.62, N 5.20; found:
C 53.63, H 5.71, N 5.27.


(R)-4-(p-Nitrophenoxy)-1-acetoxy-2-hydroxybutane (32a): Following the
same procedure, diol (R)-23 (0.028 g, 0.12 mmol) afforded (R)-32a
(0.023 g, 70%, 96% ee) as a pale yellow waxy solid. [�]20D ��10.1 (c�
0.67, CHCl3); EI-MS: m/z : 269 [M�], 196 [M��CH3C(O)OCH2], 152
[M��CH3C(O)OCH2CH(OH)CH2], 139 [p-nitrophenyl��1], 131 [M��
p-nitrophenyl].


(�)-4-(p-Nitrophenoxy)-1,2-diacetoxybutane (32b): The procedure for 27
was applied to diol 23 (0.045 g, 0.20 mmol). Flash chromatography (7:3
hexane/EtOAc) gave 32b (0.059 g, 95%) as a pale yellow solid. M.p. 62 ±
63 �C; IR (neat): �� � 3117 (w), 3088 (w), 2952 (w), 1742 (s), 1609 (m), 1595
(s), 1514 (s), 1500 (s), 1372 (m), 1343 (s), 1244 (br s), 1175 (m), 1112 (m),
1049 (m), 1020 cm�1 (m); 1H NMR (300 MHz, CDCl3): �� 8.19 (d, J�
9.2 Hz, 2H), 6.93 (d, J� 9.2 Hz, 2H), 5.34 ± 5.26 (m, 1H), 4.33 (dd, J� 11.9,
3.5 Hz, 1H), 4.16 ± 4.05 (m, 2H), 4.13 (dd, J� 11.8, 6.1 Hz, 1H), 2.17 ± 2.11
(m, 2H), 2.07 (s, 3H), 2.06 (s, 3H); 13C NMR (75 MHz, CDCl3): �� 171.29,
171.02, 164.17, 142.45, 126.62, 115.12, 69.47, 65.50, 65.38, 31.11, 21.63, 21.39;
elemental analysis calcd (%) for C14H17NO7: C 54.02, H 5.50, N 4.50; found:
C 54.04, H 5.40, N 4.49.


(S)-4-(p-Nitrophenoxy)-1,2-diacetoxybutane (32b): Following the same
procedure, diol (S)-23 (0.015 g, 0.066 mmol) afforded pure (S)-32b
(0.019 g, 93%, 95% ee) as a pale yellow oil. [�]20D ��22.4 (c� 0.38,
CHCl3); elemental analysis calcd (%) for C14H17NO7: C 54.02, H 5.50, N
4.50; found: C 54.10, H 5.45, N 4.58.
(R)-4-(p-Nitrophenoxy)-1,2-diacetoxybutane (32b): Following the same
procedure, diol (R)-23 (0.015 g, 0.066 mmol) afforded pure (R)-32b
(0.020 g, 98%, 90% ee) as a pale yellow oil. [�]20D ��22.1 (c� 0.52,
CHCl3); elemental analysis calcd (%) for C14H17NO7: C 54.02, H 5.50, N
4.50; found: C 54.15, H 5.56, N 4.45.


(�)-7-[(3,4-Carbonyldioxy)-butyloxy]-2H-1-benzopyran-2-one (33): The
following procedure is typical. Carbonyldiimidazole (0.085 g, 0.52 mmol)
in dry CH2Cl2 (1 mL) was added to a stirred solution of diol 1 (0.10 g,
0.40 mmol) in dry CH2Cl2 (2 mL) at 25 �C under nitrogen. After 18 h at
25 �C, aqueous workup (brine/CH2Cl2) and flash chromatography gave 33
(0.045 g, 41%) as a white solid. M.p. 114 ± 115 �C; IR (KBr): �� � 3096 (w),
3043 (w), 2997 (w), 2952 (w), 2887 (w), 1821 (s), 1729 (s), 1704 (m), 1629 (s),
1557 (m), 1509 (m), 1409 (m), 1370 (m), 1298 (s), 1245 (m), 1179 (s), 1141
(m), 1070 cm�1 (s); 1H NMR (300 MHz, CDCl3): �� 7.63 (d, J� 9.6 Hz,
1H), 7.39 (d, J� 8.5 Hz, 1H), 6.82 (m, 2H), 6.27 (d, J� 9.6 Hz, 1H), 5.01
(dt, J� 6.2, 7.4 Hz, 1H), 4.65, 4.26 (2dd, J� 7.7, 8.5 Hz, 2H), 4.23 (t, J�
5.5 Hz, 2H), 2.29 (q, J� 6.6 Hz, 2H); 13C NMR (75 MHz, CDCl3): ��
161.9, 161.6, 156.5, 155.2, 143.9, 129.7, 114.3, 113.8, 113.1, 102.3, 77.3, 74.8,
70.1, 64.5, 34.1; elemental analysis calcd (%) for C14H12O6: C 60.87, H 4.38;
found: C 60.72, H 4.40.


(�)-7-[(3,4-Carbonyldioxy-4-methyl)-butyloxy]-2H-1-benzopyran-2-one
(34): The procedure for 33 was applied with diol 15 (0.020 g, 0.076 mmol).
Flash chromatography (9:1 CH2Cl2/acetone) gave 34 (0.020 g, 91%) as a
white solid. M.p. 152 ± 153 �C; IR (KBr): �� � 2930 (w), 1814 (s), 1728 (s),
1710 (m), 1626 (s), 1614 (s), 1394 (m), 1385 (m), 1295 (m), 1245 (m), 1199
(m), 1139 (m), 1109 (m), 1069 cm�1 (m); 1H NMR (300 MHz, CDCl3): ��
7.64 (d, J� 9.5 Hz, 1H), 7.39 (d, J� 8.5 Hz, 1H), 6.81 (m, 2H), 6.28 (d, J�


9.5 Hz, 1H), 4.47, 4.21 (2d, J� 8.8 Hz, 2H), 4.20 (m, 2H), 2.31 (m, 2H), 1.60
(s, 3H); 13C NMR (75 MHz, CDCl3): �� 161.7, 161.6, 156.5, 154.9, 143.9,
129.7, 114.4, 113.8, 113.2, 102.2, 83.0, 75.4, 64.4, 38.4, 25.3. EI-MS: m/z : 290
[M�], 262 [M��CO], 162 [umbelliferyl�], 134 [umbelliferyl��CO].


(1 s,3R,4S)-7-(3,4-Carbonyldioxycyclopentyloxy)-2H-1-benzopyran-2-one
(35): The procedure for 33 was applied to diol 21 (0.015 g, 0.057 mmol).
Flash chromatography (99:1 CH2Cl2/acetone) gave 35 (0.011 g, 67%) as a
white solid. M.p. 155 ± 157 �C; IR (KBr): �� � 2933 (w), 1793 (s), 1723 (s),
1620 (s), 1558 (m), 1510 (m), 1409 (m), 1385 (m), 1370 (m), 1294 (m), 1240
(m), 1177 (m), 1140 (m), 1108 (m), 1040 cm�1 (m); 1H NMR (300 MHz,
CDCl3/CD3OD): �� 7.63 (d, J� 9.6 Hz, H-C(4�)), 7.37 (d, J� 9.2 Hz,
H-C(5�)), 6.78 (m, H-C(6�), H-C(8�)), 6.24 (d, J� 9.6 Hz, H-C(3�)), 5.22
(m, H-C(3), H-C(4)), 5.01 (quintet, J� 6.0 Hz, H-C(1)), 2.54 (dd, J� 14.9,
5.4 Hz, HRe-C(2), HSi-C(5)), 2.25 (m, HSi-C(2), HRe-C(5)); NOE observed
between H-C(3), H-C(4) and HSi-C(2), HRe-C(5), and H-C(1) and HRe-
C(2), HSi-C(5); 13C NMR (75 MHz, CDCl3/CD3OD): �� 165.7, 165.5, 156.6,
156.2, 144.1, 129.8, 114.2, 113.4, 103.4, 80.2, 76.5, 39.0; elemental analysis
calcd (%) for C15H12O6: C 62.50, H 4.20; found: C 62.64, H 4.31.


(1 r,3R,4S)-7-(3,4-Carbonyldioxycyclopentyloxy)-2H-1-benzopyran-2-one
(36): The procedure for 33 was applied with diol 20 (0.020 g, 0.076 mmol).
Flash chromatography (99:1 CH2Cl2/acetone) gave 36 (0.014 g, 64%) as a
white solid. M.p. 240 ± 241 �C; IR (KBr): �� � 3104 (w), 3070 (w), 2962 (w),
2938 (w), 1789 (s), 1725 (s), 1616 (s), 1406 (m), 1382 (m), 1354 (m), 1280
(m), 1230 (m), 1213 (m), 1170 (s), 1124 (s), 1095 (s), 1051 (s), 1002 cm�1


(m); 1H NMR (300 MHz, CDCl3/CD3OD): �� 7.58 (d, J� 9.6 Hz, 1H), 7.27
(d, 1H), 6.69 (m, 2H), 6.10 (d, J� 9.6 Hz, 1H), 5.14 (m, 2H), 4.94 (m, 1H),
2.44, 1.95 (2m, 4H); 13C NMR (75 MHz, CDCl3/CD3OD): �� 164.3, 161.5,
155.4, 155.2, 144.6, 129.8, 115.2, 113.4, 102.6, 81.7, 78.5, 38.7; elemental
analysis calcd (%) for C15H12O6: C 62.50, H 4.20; found: C 61.73, H 4.38.


7-[5-(Methyl-(2,3-carbonyldioxy)-�-�-lyxofuranosyloxy)]-2H-1-benzopy-
ran-2-one (37): The procedure for 33 was applied with diol 24 (0.007 g,
0.023 mmol). Flash chromatography (97:3 CH2Cl2/acetone) gave 37
(0.003 g, 39%) as a white solid. M.p. 172 ± 173 �C; IR (neat): �� � 3022
(m), 2940 (w), 1812 (s), 1729 (s), 1672 (m), 1617 (s), 1216 (s), 1160 (m),
1095 cm�1 (m); 1H NMR (300 MHz, CDCl3): �� 7.64 (d, J� 9.6Hz, 1H),
7.41 (d, J� 9.2 Hz, 1H), 6.88 (m, 2H), 6.29 (d, J� 9.6 Hz, 1H), 5.27 (m,
1H), 5.17 (s, 1H), 5.00 (m, 1H), 4.50 (m, 1H), 4.35 (m, 2H), 3.43 (s, 3H);
13C NMR (75 MHz, CDCl3): �� 161.9, 161.5, 153.7, 153.2, 143.9, 129.7,
114.5, 112.9, 106.4, 102.9, 83.3, 79.5, 77.3, 65.7, 55.9; elemental analysis calcd
(%) for C16H14O8: C 57.49, H 4.22; found: C 57.55, H 4.25.


7-[5-(Methyl-(2,3-carbonyldioxy)-�-�-ribofuranosyloxy)]-2H-1-benzopy-
ran-2-one (38): The procedure for 33 was applied to diol 25 (0.020 g,
0.065 mmol). Flash chromatography (98:2 CH2Cl2/acetone) gave 38
(0.020 g, 92%) as a yellow solid: 1H NMR (300 MHz, CDCl3): �� 7.59
(d, J� 9.5 Hz, 1H), 7.30 (d, J� 8.5 Hz, 1H), 6.72 (m, 2H), 6.11 (d, J�
9.5 Hz, 1H), 5.15 (d, J� 6.6 Hz, 1H), 5.05 (s, 1H), 4.94 (d, J� 7.0 Hz, 1H),
4.59 (m, 1H), 3.94 (m, 2H), 3.24 (s, 3H); 13C NMR (75 MHz, CDCl3): ��
162.3, 161.6, 156.0, 155.7, 144.4, 113.6, 113.4, 108.3, 101.9, 84.0, 83.7, 81.4,
68.0, 55.8; elemental analysis calcd (%) for C16H14O8: C 57.49, H 4.22;
found: C 57.59, H 4.36.


(�)-4-[(p-Nitrophenoxy)-ethyl]-1,3-dioxolan-2-one (39): The procedure
for 33 was applied to 23 (0.088 g, 0.33 mmol). Flash chromatography (8:2
CH2Cl2/acetone) gave 39 (0.071 g, 75%) as a yellow solid. M.p. 59 ± 60 �C;
IR (KBr): �� � 3118 (m), 3091 (m), 2968 (w), 2946 (m), 2889 (w), 1798 (br s),
1612 (m), 1596 (s), 1510 (s), 1471 (m), 1403 (m), 1342 (s), 1305 (m), 1267 (s),
1177 (s), 1111 (s), 1064 cm�1 (s); 1H NMR (300 MHz, CDCl3): �� 8.20 (d,
J� 9.2 Hz, 1H), 6.95 (d, J� 9.2 Hz, 2H), 5.01 (dt, J� 14.7, 6.6 Hz, 1H), 4.65
(dd, J� 8.8, 8.1 Hz, 1H), 4.25 (m, 3H), 2.29 (dt, J� 6.2, 5.9 Hz, 2H);
13C NMR (75 MHz, CDCl3): �� 163.7, 155.2, 142.6, 130.5, 126.7, 115.1, 74.6,
70.1, 64.6, 34.1; elemental analysis calcd (%) for C11H11NO6: C 52.18, H
4.38, N 5.53; found: C 52.28, H 4.47, N 5.43.


(S)-4-[(p-Nitrophenoxy)-ethyl]-1,3-dioxolan-2-one (39): The same reaction
applied to (S)-23 (0.40 g, 1.74 mmol) gave (S)-39 (0.32 g, 70%) as a yellow
solid. M.p. 67 ± 68 �C; [�]20D ��54.6 (c� 0.2, CHCl3); elemental analysis
calcd (%) for C11H11NO6: C 52.18, H 4.38, N 5.53; found: C 52.12, H 4.54, N
5.48.


(R)-4-[(p-Nitrophenoxy)-ethyl]-1,3-dioxolan-2-one (39): The same reac-
tion applied on diol (R)-23 (0.40 g, 1.74 mmol) afforded pure (R)-39 (0.31 g,
67%) as a yellow solid. M.p. 67 ± 68 �C; [�]20D ��55.8 (c� 1.06, MeOH);
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elemental analysis calcd (%) for C11H11NO6: C 52.18, H 4.38, N 5.53; found:
C 52.22, H 4.40, N 5.50.


(�)-7-(3,4-Epoxy-3-methylbutyloxy)-2H-1-benzopyran-2-one (40): The re-
action for (�)-6 was applied to olefin 11 (0.42 g, 1.83 mmol). Flash
chromatography (hexane/EtOAc 55:45) gave 40 (0.337 g, 75%) as a solid.
M.p. 63 ± 65 �C; IR (KBr): �� � 3077 (w), 2990 (w), 2968 (w), 2936 (w) 2889
(w), 1729 (s), 1619 (s), 1398 (m), 1354 (m), 1286 (m), 1233 (m), 1209 (m),
1161 (m), 1127 (s), 1022 cm�1 (m); 1H NMR (200 MHz, CDCl3): �� 7.63 (d,
J� 9.8 Hz, 1H), 7.37 (d, J� 8.3 Hz, 1H), 6.93 ± 6.78 (m, 2H), 6.25 (d, J�
9.8 Hz, 1H), 4.11 (t, J� 5.4 Hz, 2H), 2.73 (d, J� 4.4 Hz, 1H), 2.65 (d, J�
4.4 Hz, 1H), 2.10 (t, J� 5.8 Hz, 2H), 1.41 (s, 3H); 13C NMR (50 MHz,
CDCl3): �� 162.41, 161.66, 156.40, 143.98, 129.43, 113.69, 113.29, 113.22,
102.03, 65.49, 55.53, 54.46, 36.24, 22.15; elemental analysis calcd (%) for
C14H14O4: C 68.28, H 5.73; found: C 68.14, H 5.54.


(S)-7-(3,4-Epoxy-3-methylbutyloxy)-2H-1-benzopyran-2-one (40): The
procedure for (S)-6 was applied to diol (S)-15 (0.079 g, 0.30 mmol). Fash
chromatography (9:1 CH2Cl2/acetone) gave (S)-40 (0.044 g, 60%, 92% ee)
as a solid. M.p. 86 ± 88 �C; [�]20D ��7.7 (c� 0.79, CHCl3); elemental analysis
calcd (%) for C14H14O4: C 68.28, H 5.73; found: C 67.95, H 6.05.


(R)-7-(3,4-Epoxy-3-methylbutyloxy)-2H-1-benzopyran-2-one (40): The
procedure for (S)-6 was applied to diol (R)-15 (0.074 g, 0.28 mmol) to give
pure (R)-40 (0.038 g, 55%, 95% ee) as a solid. M.p. 85 ± 87 �C; [�]20D ��8.3
(c� 0.60, CHCl3); elemental analysis calcd (%) for C14H14O4: C 68.28, H
5.73; found: C 68.01, H 5.93.


(�)-7-(3,4-Epoxy-4-methylpentyloxy)-2H-1-benzopyran-2-one (41): The
procedure for (S)-6 was applied to diol 16 (0.086 g, 0.31 mmol). Flash
chromatography (9:1 CH2Cl2/acetone) gave 41 (0.016 g, 20%) as a
semisolid. IR (Nujol): �� � 3057 (w), 1733 (s), 1612 (s), 1279 (m), 1273
(m), 1221 (m), 1124 cm�1 (m); 1H NMR (200 MHz, CDCl3): �� 7.63 (d, J�
9.8 Hz, 1H), 7.37 (d, J� 8.3 Hz, 1H), 6.88 ± 6.79 (m, 2H), 6.24 (d, J�
9.3 Hz, 1H), 4.18 (dd, J� 7.3, 5.4 Hz, 2H), 2.95 (dd, J� 7.3, 5.4 Hz, 1H),
2.21 ± 2.05 (m, 1H), 2.00 ± 1.81 (m, 1H), 1.34 (s, 3H), 1.32 (s, 3H); 13C NMR
(50 MHz, CDCl3): �� 162.73, 161.83, 156.58, 144.05, 129.49, 113.93, 113.45,
113.36, 102.20, 66.57, 61.86, 59.15, 29.63, 25.45, 19.61; elemental analysis
calcd (%) for C15H16O4: C 69.22, H 6.20; found: C 68.91, H 5.89.


(R)-7-(3,4-Epoxy-4-methylpentyloxy)-2H-1-benzopyran-2-one (41): The
procedure for (S)-6 was applied to diol (R)-16 (0.050 g, 0.18 mmol) and
yielded pure (R)-41 (0.012 g, 25%, 99% ee) as a semisolid. [�]20D ��11.8
(c� 0.11, CHCl3); elemental analysis calcd (%) for C15H16O4: C 69.22, H
6.20; found: C 69.05, H 6.49.


(S)-7-(3,4-Epoxy-4-methylpentyloxy)-2H-1-benzopyran-2-one (41): The
procedure for (S)-6 was applied to diol (S)-16 (0.050 g, 0.18 mmol) and
yielded pure (S)-41 (0.010 g, 21%, 70% ee) as a semisolid. [�]20D ��13.4
(c� 0.48, CHCl3); elemental analysis calcd (%) for C15H16O4: C 69.22, H
6.20; found: C 69.37, H 6.11.


(3R*,4R*)-7-(3,4-Epoxyhexyloxy)-2H-1-benzopyran-2-one (42): The pro-
cedure for (�)-6 was applied to olefin 13 (0.90 g, 3.69 mmol). The product
was recrystallized from hexane to give pure 42 (0.67 g, 70%) as a solid. M.p.
53 ± 54 �C; IR (KBr): �� � 3070 (w), 2997 (w), 2963 (w), 2925 (w) 2875 (w),
1731 (s), 1614 (s), 1355 (m), 1282 (s), 1235 (s), 1202 (m), 1119 (s), 1018 cm�1


(m); 1H NMR (200 MHz, CDCl3): �� 7.65 (d, J� 9.3 Hz, 1H), 7.39 (d, J�
8.3 Hz, 1H), 6.86 ± 6.75 (m, 2H), 6.27 (d, J� 9.3 Hz, 1H), 4.16 (t, J� 6.3 Hz,
2H), 2.96 ± 2.87 (m, 1H), 2.82 ± 2.72 (m, 1H), 2.24 ± 2.06 (m, 1H), 2.02 ± 1.84
(m, 1H), 1.69 ± 1.51 (m, 2H), 1.01 (t, J� 7.3 Hz, 3H); 13C NMR (50 MHz,
CDCl3): �� 162.66, 161.85, 156.56, 144.06, 129.50, 113.88, 113.42, 113.00,
102.19, 66.09, 60.72, 56.07, 32.53, 25.72, 10.53; elemental analysis calcd (%)
for C15H16O4: C 69.22, H 6.20; found: C 69.60, H 5.98.


(S,S)-7-(3,4-Epoxyhexyloxy)-2H-1-benzopyran-2-one (42): The procedure
for (S)-6 was applied to diol (S,S)-17 (0.078 g, 0.28 mmol). Flash chroma-
tography (9:1 CH2Cl2/acetone) gave (S,S)-42 (0.051 g, 70%, 99% ee) as a
solid. M.p. 54 ± 55 �C; [�]20D ��26.1 (c� 0.68, CHCl3); elemental analysis
calcd (%) for C15H16O4: C 69.22, H 6.20; found: C 69.34, H 6.10.


(R,R)-7-(3,4-Epoxyhexyloxy)-2H-1-benzopyran-2-one (42): The procedure
for (S)-6 was applied to diol (R,R)-17 (0.10 g, 0.36 mmol) and yielded pure
(R,R)-42 (0.068 g, 73%, 99% ee) as a solid. M.p. 54 ± 56 �C; [�]20D ��26.3
(c� 1.15, CHCl3); elemental analysis calcd (%) for C15H16O4: C 69.22, H
6.20; found: C 69.01, H 6.13.


(3R*,4S*)-7-(3,4-Epoxyhexyloxy)-2H-1-benzopyran-2-one (43): The pro-
cedure for (�)-6 was applied to olefin 14 (0.90 g, 3.69 mmol). Recrystal-


lization from hexane gave pure 43 (0.60 g, 63%) as a solid. M.p. 77 ± 79 �C;
IR (KBr): �� � 3073 (w), 2963 (w), 2939 (w), 2876 (w), 1733 (s), 1610 (s),
1355 (m), 1284 (m), 1230 (m), 1204 (m), 1124 cm�1 (s); 1H NMR (200 MHz,
CDCl3): �� 7.64 (d, J� 9.3 Hz, 1H), 7.38 (d, J� 9.3 Hz, 1H), 6.89 ± 6.81 (m,
2H), 6.26 (d, J� 9.3 Hz, 1H), 4.23 ± 4.15 (m, 2H), 3.20 ± 3.05 (m, 1H),
3.00 ± 2.84 (m, 1H), 2.23 ± 2.00 (m, 1H), 2.00 ± 1.80 (m, 1H), 1.67 ± 1.48 (m,
2H), 1.08 (t, J� 7.3 Hz, 3H); 13C NMR (50 MHz, CDCl3): �� 162.64,
161.77, 156.52, 144.01, 129.49, 113.86, 113.49, 113.33, 102.17, 66.59, 58.94,
54.90, 28.47, 21.89, 11.18; elemental analysis calcd (%) for C15H16O4: C
69.22, H 6.20; found: C 69.38, H 6.49.


(1 r,3R,4S)-7-(3,4-Epoxycyclopentyloxy)-2H-1-benzopyran-2-one (45) and
(1s,3R,4S)-7-(3,4-epoxycyclopentyloxy)-2H-1-benzopyran-2-one (44):
The procedure for (�)-6 applied to olefin 19 (1.0 g, 4.38 mmol) gave a 1:2
mixture (1H NMR) of epoxides 45 and 44. Flash chromatography (6:4
hexane/EtOAc) gave 45 (minor Rf, 0.314 g, 29%) and 44 (major Rf, 0.618 g,
58%). Compound 45 : white solid. M.p. 147 ± 148 �C; IR (KBr): �� � 3070
(w), 3024 (w), 2938 (w), 1706 (s), 1603 (s), 1279 (m), 1231 (m), 1202 (m),
1127 (s), 1074 (m), 998 cm�1 (m); 1H NMR (200 MHz, CDCl3): �� 7.63 (d,
J� 9.8 Hz, 1H), 7.34 (d, J� 8.8 Hz, 1H), 6.80 (dd, J� 8.5, 2.2 Hz, 1H), 6.68
(d, J� 2.4 Hz, 1H), 6.24 (d, J� 9.3 Hz, 1H), 4.86 (t, J� 6.3 Hz, 1H), 3.62 (s,
2H), 2.41 ± 2.17 (m, 4H); 13C NMR (50 MHz, CDCl3): �� 161.88, 161.50,
156.32, 144.14, 129.42, 114.69, 113.54, 112.95, 102.30, 77.45, 58.14, 35.82;
elemental analysis calcd (%) for C14H12O4: C 68.85, H 4.95; found: C 69.13,
H 4.57. Compound 44 : white solid. M.p. 123 ± 124 �C; IR (KBr): �� � 3069
(w), 3046 (w), 2964 (w), 2926 (w), 1730 (s), 1624 (s), 1552 (m), 1301 (s), 1274
(m), 1237 (s), 1160 (m), 1141 (s), 1018 cm�1 (m); 1H NMR (200 MHz,
CDCl3): �� 7.63 (d, J� 9.8 Hz, H-C(4�)), 7.36 (d, J� 7.8 Hz, H-C(5�)),
6.83 ± 6.73 (m, H-C(6�), H-C(8�)), 6.25 (d, J� 9.8 Hz, H-C(3�)), 4.61
(quintet, J� 6.6 Hz, H-C(1)), 3.62 (s, H-C(4) , H-C(3)), 2.75 (dd, J� 14.2,
7.3 Hz, HSi-C(2), HRe-C(5)), 1.88 (dd, J� 14.6, 6.3 Hz, HSi-C(2), HRe-C(5));
NOE observed between H-C(3), H-C(4) and HSi-C(2), HRe-C(5), and
H-C(1) and HRe-C(2), HSi-C(5); 13C NMR (50 MHz, CDCl3): �� 161.73,
161.58, 156.33, 143.94, 129.45, 113.77, 113.59, 113.20, 102.94, 75.74, 56.36,
34.97; elemental analysis calcd (%) for C14H12O4: C 68.85, H 4.95; found: C
68.99, H 5.16.


(�)-2-(6-Methoxy-2-naphthyl)-1,2-epoxyethane (46): The procedure for
(S)-6 was applied to diol 9 (0.065 g, 0.30 mmol). Flash chromatography
(6:4:0.1 hexane/EtOAc/Et3N) gave 46 (0.035 g, 59%) as a solid. M.p. 81 ±
83 �C; IR (KBr): �� � 3060 (w), 2965 (w), 2927 (w), 2844 (w), 1633 (m), 1608
(s), 1491 (m), 1388 (m), 1258 (s), 1233 (s), 1197 (m), 1179 (m), 1164 (m),
1031 cm�1 (s); 1H NMR (200 MHz, CDCl3): �� 7.75 ± 7.70 (m, 3H,), 7.31 ±
7.26 (m, 1H), 7.19 ± 7.13 (m, 2H), 4.00 (dd, J� 4.1, 2.4 Hz, 1H), 3.92 (s, 3H),
3.22 (dd, J� 5.4, 4.0 Hz, 1H), 2.91 (dd, J� 5.4, 2.4 Hz, 1H); 13C NMR
(75 MHz, CDCl3): �� 160.77, 137.43, 135.57, 132.15, 131.59, 130.13, 127.98,
126.18, 122.08, 108.69, 58.21, 55.57, 54.05; elemental analysis calcd (%) for
C13H12O2: C 77.98, H 6.04; found: C 77.75, H 6.18.


(S)-2-(6-Methoxy-2-naphthyl)-1,2-epoxyethane (46): Following the same
procedure, diol (S)-9 (0.065 g, 0.30 mmol) yielded pure (S)-46 (0.035 g,
58%, 99% ee) as a solid. M.p. 81 ± 83 �C; [�]20D ��6.1 (c� 0.43, CHCl3);
elemental analysis calcd (%) for C13H12O2: C 77.98, H 6.04; found: C 77.64,
H 5.79.


(R)-2-(6-Methoxy-2-naphthyl)-1,2-epoxyethane (46): Following the same
procedure, diol (R)-9 (0.065 g, 0.30 mmol) yielded pure (R)-46 (0.030 g,
50%, 99% ee) as a solid. M.p. 82 ± 84 �C; [�]20D ��7.1 (c� 0.31, CHCl3);
elemental analysis calcd (%) for C13H12O2: C 77.98, H 6.04; found: C 78.10,
H 6.25.


(�)-4-(p-Nitrophenoxy)-1,2-epoxybutane (47): The procedure for (�)-6
was applied to 59 (0.70 g, 3.63 mmol). Flash chromatography (hexane/
EtOAc 6:4) gave 47 (0.635 g, 84%) as a solid. M.p. 35 ± 36 �C; IR (KBr):
�� � 3116 (w), 3086 (w), 2998 (w), 2932 (w), 1608 (s), 1595 (s), 1513 (s), 1343
(s), 1301 (m), 1264 (s), 1176 (m), 1112 (m), 1023 cm�1 (m); 1H NMR
(200 MHz, CDCl3): �� 8.18 (d, J� 9.3 Hz, 2H), 6.95 (d, J� 9.3 Hz, 2H),
4.32 ± 4.09 (m, 2H), 3.13 (m, 1H), 2.84 (t, J� 4.4 Hz, 1H), 2.58 (dd, J� 4.9,
2.4 Hz, 1H), 2.31 ± 2.07 (m, 1H), 2.03 ± 1.78 (m, 1H); 13C NMR (50 MHz,
CDCl3): �� 164.42, 142.24, 126.59, 115.09, 66.23, 50.00, 47.78, 32.85;
elemental analysis calcd (%) for C10H11NO4: C 57.41, H 5.30, N 6.70;
found: C 57.29, H 5.45, N 6.93.


(S)-4-(p-Nitrophenoxy)-1,2-epoxybutane (47): The procedure for (S)-6 was
applied to diol (S)-23 (0.079 g, 0.35 mmol). Flash chromatography (6:4
hexane/EtOAc) gave (S)-47 (0.038 g, 52%, 96% ee) as a solid. M.p. 44 �C;
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[�]20D ��30.3 (c� 0.50, CHCl3); elemental analysis calcd (%) for
C10H11NO4: C 57.41, H 5.30, N 6.70; found: C 57.32, H 5.11, N 6.39.


(R)-4-(p-Nitrophenoxy)-1,2-epoxybutane (47): Following the same proce-
dure, diol (R)-23 (0.079 g, 0.35 mmol) afforded pure (R)-47 (0.030 g, 41%,
96% ee) as a solid. M.p. 43 ± 44 �C; [�]20D ��28.8 (c� 0.46, CHCl3);
elemental analysis calcd (%) for C10H11NO4: C 57.41, H 5.30, N 6.70; found:
C 57.69, H 5.02, N 6.95.


(�)-7-(4-Amino-3-methyl-3-hydroxybutyloxy)-2H-1-benzopyran-2-one
(48): Following the procedure for 2, epoxide 40 (0.492 g, 2.00 mmol)
afforded pure 48 (0.458 g, 87%) as a yellow syrup; IR (KBr): �� � 3416
(br s), 2970 (w), 1709 (s), 1616 (s), 1283 (s), 1256 (s), 1233 (s), 1161 (s), 1132
(s), 1032 cm�1 (s); 1H NMR (200 MHz, CD3OD): �� 7.81 (d, J� 9.3 Hz,
1H), 7.46 (d, J� 8.8 Hz, 1H), 7.00 ± 6.71 (m, 2H), 6.19 (d, J� 9.8 Hz, 1H),
4.20 (t, J� 6.1 Hz, 2H), 2.91 ± 2.60 (m, 2H), 2.03 (t, J� 6.1 Hz, 2H), 1.29 (s,
3H); 13C NMR (50 MHz, CD3OD): �� 163.53, 163.27, 156.95, 145.69,
130.44, 114.04, 113.34, 102.25, 71.50, 65.98, 51.40, 39.36, 24.92; elemental
analysis calcd (%) for C14H17NO4: C 63.87, H 6.51, N 5.32; found: C 64.04, H
6.56, N 5.13.


(�)-4-(p-Nitrophenoxy)-1-amino-2-hydroxybutane (49): Application of
the procedure for 2 to epoxide 47 (0.522 g, 2.5 mmol) gave 49 (0.486 g,
86%) as a pale yellow solid. M.p. 88 ± 91 �C; IR (KBr): �� � 3373 (br s), 3114
(w), 3080 (w), 2952 (w), 1609 (s), 1596 (s), 1502 (s), 1336 (s), 1265 (s), 1180
(s), 1112 (s), 1030 cm�1 (s); 1H NMR (200 MHz, CD3OD): �� 8.20 (d, J�
8.8 Hz, 2H), 7.08 (d, J� 8.8 Hz, 2H), 4.34 ± 4.10 (m, 2H), 4.00 ± 3.74 (m,
1H), 2.86 (dd, J� 12.9, 3.7 Hz, 1H), 2.70 (dd, J� 12.9, 8.1 Hz, 1H), 2.14 ±
1.67 (m, 2H); 13C NMR (50 MHz, CD3OD): �� 165.57, 142.76, 126.82,
115.76, 69.01, 66.55, 47.87, 35.22; elemental analysis calcd (%) for
C10H14N2O4: C 53.09, H 6.24, N 12.38; found: C 53.34, H 6.03, N 12.04.


(�)-7-(4-Phenylacetamido-3-methyl-3-hydroxybutyloxy)-2H-1-benzopy-
ran-2-one (50): Application of the procedure for 7 to amino alcohol 48
(0.053 g, 0.20 mmol) and flash chromatography (99.5:0.5 EtOAc/MeOH)
gave 50 (0.036 g, 48%) as a white semisolid. IR (KBr): �� � 3413 (br s), 3085
(w), 2971 (w), 1709 (s), 1638 (s), 1615 (s), 1555 (m), 1282 (m), 1232 (m),
1128 cm�1 (m); 1H NMR (200 MHz, CHCl3): �� 7.56 (d, J� 9.3 Hz, 1H),
7.34 ± 7.10 (m, 6H), 6.74 ± 6.57 (m, 2H), 6.19 (d, J� 9.8 Hz, 1H), 4.21 ± 3.95
(m, 2H), 3.56 (s, 2H), 3.25 (d, J� 5.9 Hz, 2H), 1.91 ± 1.77 (m, 2H), 1.13 (s,
3H); 13C NMR (50 MHz, CHCl3): �� 173.34, 162.25, 161.85, 156.53, 144.06,
135.37, 130.14, 129.85, 129.56, 128.26, 114.06, 113.51, 113.31, 102.36, 72.93,
65.77, 50.41, 44.43, 38.95, 25.98; elemental analysis calcd (%) for
C22H23NO5: C 69.28, H 6.08, N 3.67; found: C 69.10, H 5.87, N 3.32.


(�)-7-(4-Acetamido-3-hydroxybutyloxy)-2H-1-benzopyran-2-one (51):
The following procedure is typical. A solution of amino alcohol 2
(0.075 g, 0.3 mmol) in dry CH2Cl2 (7.0 mL) and Et3N (0.6 mmol, 84 �L)
was treated at 0 �C with AcCl (0.3 mmol, 21 �L). The reaction was stirred at
0 �C for 2 h. Aqueous workup (CH2Cl2/saturated aqueous NaCl) and flash
chromatography (99.5:0.5 EtOAc/MeOH) gave 51 (0.030 g, 34%) as a
syrup; IR (KBr): �� � 3335 (br s), 3090 (w), 2935 (w), 1710 (br s), 1645 (s),
1615 (s), 1557 (s), 1283 (m), 1233 (m), 1129 cm�1 (m); 1H NMR (200 MHz,
CHCl3): �� 7.62 (d, J� 9.9 Hz, 1H), 7.35 (d, J� 8.3 Hz, 1H), 6.91 ± 6.71 (m,
2H), 6.23 (d, J� 9.8 Hz, 1H), 4.31 ± 4.09 (m, 2H), 4.09 ± 3.91 (m, 1H),
3.60 ± 3.41 (m, 1H), 3.38 ± 3.14 (m, 1H), 2.07 ± 1.81 (m, 2H), 2.03 (s, 3H);
13C NMR (50 MHz, CHCl3): �� 172.38, 162.65, 161.99, 156.53, 144.17,
129.56, 113.85, 113.47, 113.37, 102.30, 69.40, 66.26, 46.85, 34.66, 23.83;
elemental analysis calcd (%) for C15H17NO5: C 61.85, H 5.88, N 4.81; found:
C 61.54, H 5.67, N 4.59.


(�)-7-(4-Acetamido-3-methyl-3-hydroxybutyloxy)-2H-1-benzopyran-2-
one (52): Application of the procedure for 51 to 48 (0.079 g, 0.30 mmol) and
flash chromatography (9:1 CH2Cl2/acetone) gave 52 (0.060 g, 66%) as a
white semisolid. IR (KBr): �� � 3348 (br s), 3087 (w), 2965 (w), 2935 (w),
1704 (br s), 1640 (s), 1613 (s), 1557 (s), 1385 (m), 1286 (m), 1233 (m), 1131
(s), 1019 cm�1 (m); 1H NMR (200 MHz, CHCl3): �� 7.63 (d, J� 9.3 Hz,
1H), 7.36 (d, J� 8.3 Hz, 1H), 6.91 ± 6.74 (m, 2H), 6.24 (d, J� 9.3 Hz, 1H),
4.34 ± 4.07 (m, 2H), 3.36 (d, J� 5.4 Hz, 2H), 2.14 ± 1.81 (m, 2H), 2.05 (s,
3H), 1.27 (s, 3H); 13C NMR (50 MHz, CHCl3): �� 172.47, 162.42, 161.96,
156.47, 144.20, 129.59, 113.85, 113.42, 102.27, 72.73, 65.77, 50.52, 38.88, 25.83,
23.81; elemental analysis calcd (%) for C16H19NO5: C 62.94, H 6.27, N 4.59;
found: C 63.16, H 5.97, N 4.22.


(�)-4-(p-Nitrophenoxy)-1-phenylacetamido-2-hydroxybutane (53): Appli-
cation of the procedure for 7 to amino alcohol 49 (0.079 g, 0.35 mmol) and
flash chromatography (9:1 EtOAc/hexane) gave 53 (0.060 g, 51%) as a pale


yellow solid. M.p. 109 ± 111 �C; IR (KBr): �� � 3415 (br s), 3087 (w), 2947
(w), 1639 (s), 1617 (s), 1594 (s), 1502 (s), 1346 (s), 1263 (s), 1115 cm�1 (m);
1H NMR (200 MHz, CHCl3): �� 8.10 (d, J� 9.3 Hz, 2H), 7.38 ± 7.07 (m,
5H), 6.83 (d, J� 9.3 Hz, 2H), 4.24 ± 4.00 (m, 2H), 3.95 ± 3.77 (m, 1H), 3.55
(s, 2H), 3.38 (ddd, J� 14.3, 5.9, 2.6 Hz, 1H), 3.27 ± 3.07 (m, 1H), 1.95 ± 1.64
(m, 2H); 13C NMR (50 MHz, CHCl3): �� 173.55, 164.46, 142.28, 135.26,
130.12, 129.83, 128.27, 126.63, 115.16, 69.33, 66.30, 46.98, 44.33, 34.62;
elemental analysis calcd (%) for C18H20N2O5: C 62.78, H 5.85, N 8.13;
found: C 62.45, H 5.91, N 7.87.


(�)-4-(p-Nitrophenoxy)-1-acetamido-2-hydroxybutane (54): Application
of the procedure for 51 to amino alcohol 49 (0.068 g, 0.30 mmol) and flash
chromatography (99.5:0.5 EtOAc/MeOH) gave 54 (0.045 g, 56%) as a pale
yellow solid. M.p. 134 ± 136 �C; IR (KBr): �� � 3395 (br s), 2927 (w), 1641 (s),
1618 (s), 1595 (s), 1338 (s), 1267 (s), 1125 (m), 1113 (m), 1082 cm�1 (m);
1H NMR (200 MHz, CHCl3): �� 8.19 (d, J� 9.0 Hz, 2H), 6.95 (d, J�
8.8 Hz, 2H), 4.32 ± 4.11 (m, 2H), 4.07 ± 3.89 (m, 1H), 3.50 (ddd, J� 14.2,
6.34, 2.9 Hz, 1H), 3.36 ± 3.18 (m, 1H), 2.04 (s, 3H), 2.00 ± 1.82 (m, 2H);
13C NMR (50 MHz, CHCl3): �� 172.45, 164.27, 142.15, 126.50, 115.01, 69.21,
66.24, 46.83, 34.53, 23.67; elemental analysis calcd (%) for C12H16N2O5: C
53.73, H 6.01, N 10.44; found: C 53.41, H 5.73, N 10.39.


(�)-7-(3,4-Dihydroxybutyloxy)-2H-1-benzopyran-2-one-3,4-bis(dibenzyl-
phosphate) (55):The following procedure is typical.A solution of 1 (0.020 g,
0.08 mmol) and 1H-tetrazole (0.034 g, 6 equiv) in anhydrous dichloro-
methane (5 mL) was treated at 25 �C under stirring with dibenzyl-N,N-
diisopropylphosphoramidite (0.055 mL, 2 equiv) and stirred at 25 �C for
2 h. The solution was cooled to �78 �C, m-CPBA (0.055 g, 4 equiv) was
added and stirring was prolonged for 45 min at 0 �C. A solution of saturated
aqueous NaHCO3 (1 mL) was added, and the mixture concentrated in
vacuo. The residue was taken with CH2Cl2, washed (saturated aqueous
NaHCO3, water and brine) and purified by flash chromatography (9:1
CH2Cl2/acetone) to give 55 (0.035 g, 57%) as a yellow syrup; 1H NMR
(300 MHz, [D6]Ac): �� 7.87 (d, J� 9.5 Hz, 1H), 7.53 (d, J� 8.5 Hz, 1H),
7.41 ± 7.30 (m, 20H), 6.89 ± 6.82 (m, 2H), 6.21 (d, J� 9.5 Hz, 1H), 5.11 ± 5.00
(m, 9H), 4.34 ± 4.18 (m, 4H), 2.19 ± 2.17 (m, 2H); 13C NMR (75 MHz,
[D6]Ac): �� 163.46, 161.58, 157.64, 145.20, 137.94, 130.80, 130.03, 129.97,
129.88, 129.78, 129.51, 129.42, 129.30, 114.39, 114.19, 102.79, 75.89, 70.57,
70.50, 70.10, 65.66, 32.57; 31P NMR (81 MHz, [D6]Ac): �� 5.85 (d, J�
40.5 Hz), 5.05 (d, J� 40.5 Hz).


(R)-7-(3,4-Dihydroxy-4-methylbutyloxy)-2H-1-benzopyran-2-one-3,4-bis-
(dibenzylphosphate) (56): Application of the procedure for 55 to diol (R)-
15 (0.020 g, 0.076 mmol) gave (R)-56 (0.011 g, 18%, 94.5% ee) as a yellow
syrup. 1H NMR (300 MHz, CDCl3): �� 8.04 (d, J� 9.5 Hz, 1H), 7.63 (d,
J� 9.6 Hz, 1H), 7.38 ± 7.33 (m, 22H), 6.26 (d, J� 9.5 Hz, 1H), 5.19 ± 4.99
(m, 8H), 4.41 ± 4.03 (m, 4H), 2.33 ± 2.21 (m, 2H), 1.54 (s, 3H); 13C NMR
(75 MHz, CDCl3): �� 162.25, 161.76, 156.46, 143.94, 129.63, 129.39, 129.11,
128.72, 128.64, 128.14, 114.21, 113.07, 102.53, 76.15, 71.15, 68.04, 64.58,
64.41, 39.21, 25.48; 31P NMR (81 MHz, CDCl3): �� 0.1, �4.4.


(S)-7-(3,4-Dihydroxy-4-methylbutyloxy)-2H-1-benzopyran-2-one-3,4-bis-
(dibenzylphosphate) (56): Application of the procedure for 55 to diol (S)-
15 (0.100 g, 0.38 mmol) gave (S)-56 (0.163 g, 55%, 92.1% ee) as a colorless
syrup; IR (neat): �� � 3475 (m), 3035 (m), 1732 (s), 1615 (s), 1558 (m), 1509
(m), 1499 (m), 1457 (s), 1399 (m), 1352 (m), 1279 (s), 1124 (s), 1015 (s),
892 cm�1 (s); 1H NMR (300 MHz, CDCl3): �� 7.57 (d, J� 9.2 Hz, 1H),
7.25 ± 7.21 (m, 21H), 6.71 ± 6.62 (m, 2H), 6.20 (d, J� 9.5 Hz, 1H), 5.00 ± 4.92
(m, 8H), 4.11 ± 3.94 (m, 4H), 2.19 ± 2.12 (m, 2H), 1.49 (s, 3H); 13C NMR
(75 MHz, CDCl3): �� 162.25, 161.76, 156.46, 143.99, 136.33, 129.42, 129.27,
129.23, 129.18, 128.64, 128.56, 113.92, 113.47, 113.31, 102.07, 83.79, 72.10,
70.21, 69.96, 64.38, 37.04, 23.48; 31P NMR (81 MHz, CDCl3): �� 0.1, �4.4;
HRMS: calcd for C42H43O11P2 : 785.2281, obs 785.2285.


(3R*,4R*)-7-(3,4-Dihydroxycyclopentyloxy)-2H-1-benzopyran-2-one-3,4-
bis(dibenzylphosphate) (57) and (3R*,4R*)-7-(3,4-dihydroxycyclopentyl-
oxy)-2H-1-benzopyran-2-one-3-dibenzylphosphate (58): Application of the
procedure for 55 to diol 22 (0.040 g, 0.15 mmol) afforded a crude mixture
consisting of phosphates derivatives 57 and 58. Flash chromatography (8:2
CH2Cl2/acetone) gave compound 57 (0.019 g, 16%) and 58 (0.026 g, 33%).
Compound 57: yellow syrup; IR (neat): �� � 3438 (s), 1731 (m), 1614 (m),
1557 (w), 1499 (w), 1457 (w), 1402 (w), 1278 (m), 1124 (w), 1000 cm�1 (m);
1H NMR (300 MHz, CDCl3): �� 7.62 (d, J� 9.6 Hz, 1H), 7.34 ± 7.28 (m,
21H), 6.69 ± 6.59 (m, 2H), 6.26 (d, J� 9.2 Hz, 1H), 5.04 ± 4.96 (m, 9H),
4.79 ± 4.70 (m, 2H), 2.48 ± 2.39 (m, 1H), 2.25 ± 2.22 (m, 1H), 2.02 ± 1.97 (m,
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1H), 1.28 ± 1.25 (m, 1H); 13C NMR (75 MHz, CDCl3): �� 161.69, 161.22,
156.47, 143.93, 136.30, 136.21, 129.54, 129.41, 129.34, 129.27, 128.77, 128.66,
128.59, 114.10, 113.38, 102.90, 76.33, 70.27, 38.22, 37.71; 31P NMR (81 MHz,
CDCl3): ���1.1; HRMS: calcd for C42H41O11P2: 783.2124; observed:
783.2119. Compound 58 : colorless syrup; IR (neat): �� � 3420 (s), 2955 (w),
1732 (s), 1615 (s), 1558 (w), 1507 (w), 1457 (w), 1403 (w), 1352 (w), 1280
(m), 1233 (m), 1125 (m), 1015 cm�1 (s); 1H NMR (300 MHz, CDCl3): ��
7.62 (d, J� 9.2 Hz, 1H), 7.37 ± 7.32 (m, 11H), 6.76 ± 6.67 (m, 2H), 6.25 (d,
J� 9.2 Hz, 1H), 5.09 ± 4.98 (m, 4H), 4.74 ± 4.64 (m, 2H), 4.22 ± 4.16 (m,
1H), 2.61 ± 2.51 (m, 1H), 2.22 ± 2.07 (m, 4H); 13C NMR (75 MHz, CDCl3):
�� 161.77, 161.11, 156.46, 143.99, 129.55, 129.48, 129.38, 129.35, 128.82,
128.76, 128.58, 114.27, 113.99, 113.34, 102.79, 84.40, 76.64, 75.52, 70.53,
38.65, 38.21; 31P NMR (81 MHz, CDCl3): �� 0.9; HRMS: calcd for
C28H27O8P: 523.1521; observed: 523.1508.


(1R,5S,7 r)-7-(3-benzyloxy-3-oxido-2,4-dioxa-3-phospha-bicyclo[3.3.0]oc-
tyl)-2H-1-benzopyran-2-one (59): Following the procedure for 55, diol 20
(0.060 g, 0.23 mmol) afforded pure 59 (0.021 g, 22%) as a white solid. M.p.
93 ± 95 �C; IR (neat): �� � 3423 (s), 2925 (m), 2854 (w), 1652 (m), 1459 (w),
1072 cm�1 (m); 1H NMR (300 MHz, CD3OD): �� 7.74 (d, J� 9.6 Hz, 1H),
7.46 ± 7.41 (m, 1H), 7.36 ± 7.32 (m, 5H), 7.07 ± 6.89 (m, 2H), 6.22 (d, J�
9.6 Hz, 1H), 5.12 ± 5.00 (m, 5H), 2.15 ± 2.08 (m, 2H), 1.24 ± 1.21 (m, 2H);
13C NMR (75 MHz, CDCl3/CD3OD): �� 162.76, 160.91, 155.98, 144.89,
134.38, 129.68, 129.12, 129.06, 128.26, 115.75, 113.43, 113.05, 102.58, 82.41,
78.45, 70.37, 39.30; 31P NMR (81 MHz, CD3OD): �� 22.1; HRMS: calcd for
C21H19O7P: 415.0947; observed: 415.0947.


(�)-4-(p-Nitrophenoxy)-1,2-butanediol-1,2-bis(dibenzylphosphate) (60):
Following the procedure for 55, diol 23 (0.150 g, 0.66 mmol) afforded pure
60 (0.193 g, 39%) as a yellow oil. IR (neat): �� � 3036 (w), 2955 (w), 1717
(w), 1594 (m), 1514 (m), 1498 (m), 1342 (s), 1264 (s), 1000 (s), 881 cm�1 (m);
1H NMR (300 MHz, CDCl3): �� 8.03 (d, J� 9.2 Hz, 2H), 7.24 ± 7.16 (m,
20H), 6.71 (d, J� 9.2 Hz, 2H), 5.00 ± 4.87 (m, 8H), 4.71 ± 4.68 (m, 1H),
4.16 ± 3.94 (m, 4H), 2.03 ± 1.97 (m, 2H); 13C NMR (75 MHz, CDCl3): ��
129.34, 129.31, 129.28, 129.27, 129.25, 128.70, 128.61, 128.52, 126.52, 115.06,
70.31, 70.24, 64.71; 31P NMR (81 MHz, CDCl3): ���0.03, �0.53; HRMS:
calcd for C38H40NO11P2: 748.2077; observed: 748.2080.


(R)-7-(3,4-Dihydroxy-3-methylbutyloxy)-2H-1-benzopyran-2-one-3,4-bis-
(dihydrogen phosphate) (61): Following the procedure for 8, hydrogena-
tion of bis-dibenzylphosphate (R)-56 (0.011 g, 0.014 mmol) afforded pure
(R)-61 (0.002 g, 25%) as a colorless syrup; 1H NMR (300 MHz, CD3OD):
�� 7.89 (d, J� 9.6 Hz, 1H), 7.53 (d, J� 8.1 Hz, 1H), 6.97 ± 6.94 (m, 2H),
6.24 (d, J� 9.6 Hz, 1H), 4.29 ± 4.24 (m, 2H), 3.85 ± 3.83 (m, 2H), 2.10 ± 2.05
(m, 2H), 1.30 (s, 3H); 31P NMR (81 MHz, D2O/CD3OD): �� 3.1, �1.4.


(S)-7-(3,4-Dihydroxy-3-methylbutyloxy)-2H-1-benzopyran-2-one-3,4-bis-
(dihydrogen phosphate) (61): Following the procedure for 8, hydrogena-
tion of bis-dibenzylphosphate (S)-56 (0.10 g, 0.13 mmol) afforded pure (S)-
61 (0.044 g, 80%) as a yellow syrup; IR (KBr): �� � 3439 (br s), 1725 (s), 1631
(s), 1556 (m), 1510 (m), 1408 (m), 1387 (m), 994 cm�1 (s); 1H NMR
(300 MHz, D2O/CD3CN): �� 7.82 (d, J� 9.6 Hz, 1H), 7.47 (d, J� 7.7 Hz,
1H), 6.93 ± 6.87 (m, 2H), 6.20 (d, J� 9.2 Hz, 1H), 4.03 ± 3.96 (m, 4H),
2.16 ± 2.15 (m, 2H), 1.48 (s, 3H); 13C NMR (75 MHz, D2O/CD3CN): ��
164.12, 162.80, 156.21, 146.16, 130.44, 114.12, 113.69, 112.94, 102.24, 82.53,
71.41, 65.31, 37.14, 25.49; 31P NMR (81 MHz, D2O/CD3CN): �� 3.1, �1.4.


(3R*,4R*)-7-(3,4-Dihydroxycyclopentyloxy)-2H-1-benzopyran-2-one-3,4-
bis-(dihydrogen phosphate) (62): Following the procedure for 8, hydro-
genation of bis-dibenzylphosphate 57 (0.015 g, 0.019 mmol) afforded pure
62 (0.009 g, quant.) as a yellow syrup; IR (KBr): �� � 3438 (s), 2927 (w), 1705
(m), 1620 (s), 1557 (w), 1509 (w), 1385 (m), 1165 (m), 1089 cm�1 (s);
1H NMR (300 MHz, D2O/CD3OD): �� 7.99 (d, J� 9.5 Hz, 1H), 7.61 (d, J�
8.5 Hz, 1H), 7.00 ± 6.98 (m, 2H), 6.32 (d, J� 9.5 Hz, 1H), 5.06 (m, 2H), 2.78
(m, 1H), 2.34 (m, 2H), 1.98 (m, 1H); 13C NMR (75 MHz, D2O/CD3CN):
�� 164.34, 161.92, 156.24, 146.29, 130.62, 114.86, 113.82, 113.02, 103.24,
77.41, 65.83, 64.97, 38.32, 38.22; 31P NMR (81 MHz, D2O/CD3CN): �� 4.4.


(3R*,4R*)-7-(3,4-dihydroxycyclopentyloxy)-2H-1-benzopyran-2-one-3-di-
hydrogen phosphate (63): Following the procedure for 8, hydrogenation of
dibenzylphosphate 58 (0.020 g, 0.038 mmol) afforded pure 63 (0.012 g,
92%) as a yellow syrup; IR (KBr): �� � 3424 (s), 2931 (w), 1706 (s), 1619 (s),
1557 (w), 1508 (w), 1385 (m), 1284 (m), 1089 cm�1 (s); 1H NMR (300 MHz,
D2O/CD3CN): �� 7.84 (d, J� 9.5 Hz, 1H), 7.49 (d, J� 8.5 Hz, 1H), 6.89 ±
6.83 (m, 2H), 6.21 (d, J� 9.5 Hz, 1H), 4.90 (m, 1H), 4.44 (m, 1H), 4.12 (m,
1H), 2.61 ± 2.51 (m, 1H), 2.21 ± 2.16 (m, 2H) 1.69 ± 1.61 (m, 1H); 13C NMR


(75 MHz, D2O/CD3CN): �� 164.09, 161.97, 156.28, 146.14, 130.53, 114.76,
113.66, 113.01, 103.08, 81.48, 77.11, 76.45, 38.40, 38.30; 31P NMR (81 MHz,
D2O/CD3CN): �� 3.2.


(1 r,3R,4S)-7-(3-Phosphonoxy-4-hydroxycyclopentyloxy)-2H-1-benzopy-
ran-2-one (64): Following the procedure for 8, hydrogenation of cyclic
monobenzylphosphate 59 (0.020 g, 0.048 mmol) afforded pure 64 (0.011 g,
67%) as a yellow syrup; IR (KBr): �� � 3439 (s), 2930 (w), 1705 (m), 1620
(s), 1509 (w), 1404 (w), 1385 (m), 1235 (m), 1085 cm�1 (s); 1H NMR
(300 MHz, D2O/CD3CN): �� 7.87 (d, J� 9.5 Hz, 1H), 7.51 (d, J� 8.4 Hz,
1H), 6.89 ± 6.83 (m, 2H), 6.22 (d, J� 9.2 Hz, 1H), 4.82 ± 4.74 (m, 1H), 4.47
(m, 1H), 4.11 ± 4.06 (m, 1H), 2.56 ± 2.33 (m, 2H), 2.03 ± 1.78 (m, 2H);
13C NMR (75 MHz, D2O/CD3CN): �� 164.77, 161.92, 156.13, 146.54,
130.61, 114.99, 113.76, 112.84, 103.03, 77.42, 76.16, 72.32, 37.76, 37.13; 31P
NMR (81 MHz, D2O/CD3CN): �� 2.9.


(�)-4-(p-Nitrophenoxy)-1,2-butanediol-1,2-bis-(dihydrogen phosphate)
(65): A stirred solution of 60 (0.100 g, 0.13 mmol) in dry dichloromethane
(5 mL) was treated at 0 �C under nitrogen with trimethylsilyl bromide, and
the mixture stirred for 45 minutes more at 25 �C. Addition of water (2 mL)
and aqueous work-up afforded crude 65 which was purified by preparative
HPLC. Pure 65 (0.041 g, 81%) was recovered as a brown syrup; IR (KBr):
�� � 3421 (m), 3118 (m), 2934 (m), 2351 (w), 1609 (s), 1595 (s), 1510 (s), 1346
(s), 1267 (s), 1015 cm�1 (s); 1H NMR (300 MHz, CD3OD): �� 8.20 (d, J�
9.2 Hz, 2H), 7.10 (d, J� 9.2 Hz, 2H), 4.67 (m, 1H), 4.31 ± 4.27 (m, 2H), 4.15
(m, 2H), 2.24 ± 2.11 (m, 2H); 13C NMR (75 MHz, CD3OD): �� 165.46,
142.82, 126.74, 115.88, 74.22, 68.97, 65.90, 32.76; 31P NMR (81 MHz,
CD3OD): �� 4.3, 4.0.


3-Cyclopentenyl-1-tosylate (66): A solution of 3-cyclopentenol[21] (2.0 g,
0.024 mol) in anhydrous pyridine (30 mL) was treated with TsCl (5.147 g,
0.027 mol), and the reaction mixture was left at 5 �C for 18 h. Dilution with
Et2O, aqueous washing (10% aqueous HCl, saturated aqueous NaHCO3


and water), and evaporation gave pure 66 (4.0 g, 70%): 1H NMR
(200 MHz, CDCl3): �� 7.79 (d, J� 8.3 Hz, 2H), 7.34 (d, J� 8.3 Hz, 2H),
5.65 (s, 2H), 5.23 ± 5.09 (m, 1H), 2.63 ± 2.51 (m, 4H), 2.45 (s, 3H).


4-Methyl-3-pentenyl-1-tosylate (67) and 4-methyl-4-pentenyl-1-tosylate
(68): Tosylation of a 3:1 mixture of 4-methyl-3-penten-1-ol and 4-methyl-
4-penten-1-ol[22] (7.2 g, 0.072 mol) as above gave the corresponding
tosylates (13.83 g, 76%), which were used as mixture in the next step.
Compound 67: 1H NMR (200 MHz, CDCl3): �� 7.83 ± 7.44 (m, 2H), 7.38 ±
7.29 (m, 2H), 5.01 ± 4.89 (m, 1H), 3.96 (t, J� 7.4 Hz, 2H), 2.45 (s, 3H), 2.32
(quartet, J� 7.1 Hz, 2H), 1.64 (s, 3H), 1.55 (s, 3H). Compound 68 : 1H NMR
(200 MHz, CDCl3): �� 4.69 (s, 1H), 4.58 (s, 1H), 4.18 ± 3.98 (m, 2H), 2.10 ±
1.75 (m, 4H).


7-(3-Butenyloxy)-2H-1-benzopyran-2-one (69): The following procedure is
typical. A solution of 3-butenyl-1-tosylate[23a] (2.94 g, 13.0 mmol) in DMF
(32 mL) was treated with the sodium salt of 4 (2.39 g, 13.0 mmol), and the
reaction mixture was stirred at 80 �C for 16 h. Aqueous workup (diethyl
ether/water) and evaporation of the residue gave 69 (2.19 g, 78%), which
was used in the next step without further purification. Flash chromatog-
raphy of an analytical sample (8:2 hexane/EtOAc) gave pure 69 as a solid.
M.p. 46 ± 47 �C; IR (KBr): �� � 3084 (w), 3051 (w), 2943 (w), 1722 (s), 1612
(s), 1283 (m), 1235 (m), 1122 cm�1 (m); 1H NMR (200 MHz, CDCl3): ��
7.57 (d, J� 9.8 Hz, 1H), 7.30 (d, J� 8.3 Hz, 1H), 6.88 ± 6.64 (m, 2H), 6.17 (d,
J� 9.8 Hz, 1H), 5.96 ± 5.68 (m, 1H), 5.20 ± 4.98 (m, 2H), 3.99 (t, J� 6.6 Hz,
2H), 2.50 (q, J� 6.7 Hz, 2H); 13C NMR (50 MHz, CDCl3): �� 162.83,
161.97, 156.54, 144.15, 134.47, 129.42, 118.20, 113.68, 113.19, 112.97, 102.06,
68.43, 33.98; elemental analysis calcd (%) for C13H12O3: C 72.21, H 5.59;
found: C 72.01, H, 5.37.


1-(p-Nitrophenoxy)-3-butene (70): Application of the procedure for 69 to
3-butenyl-1-tosylate (2.26 g, 10.0 mmol) and the sodium salt of p-nitro-
phenol (1.61 g, 10.0 mmol) gave 70 (1.428 g, 74%), which was directly used
in the next step. Flash chromatography (hexane/EtOAc 8:2) of an
analytical sample gave pure 70 as a liquid; IR (Nujol): �� � 3120 (w), 3081
(w), 1616 (s), 1597 (s), 1519 (s), 1500 (s), 1371 (s), 1290 (s), 1120 cm�1 (m);
1H NMR (200 MHz, CDCl3): �� 8.18 (d, J� 9.3 Hz, 2H), 6.94 (d, J�
9.3 Hz, 2H), 6.01 ± 5.75 (m, 1H), 5.25 ± 5.08 (m, 2H), 4.10 (t, J� 6.6 Hz,
2H), 2.58 (q, J� 6.7 Hz, 2H); 13C NMR (50 MHz, CDCl3): �� 164.69,
142.16, 134.31, 126.57, 118.34, 115.16, 68.70, 33.99; elemental analysis calcd
(%) for C10H11NO3: C 62.17, H 5.74, N 7.25; found: C 62.53, H 6.11, N 6.88.


1-(6-Methoxy-2-naphthyl)-ethene (71):[31a] A 1.6� solution in hexane of
BuLi (3.25 mL, 5.21 mmol) was added, at �20 �C under an argon
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atmosphere, to a stirred slurry of (Ph3PCH3)Br (1.897 g, 5.31 mmol) in
anhydrous THF (15 mL). After 1.5 h stirring (during this period the
temperature was allowed to raise to 0 �C) the reaction was cooled again at
�20 �C and a solution of 6-methoxy-2-naphthaldeyde[24] (0.94 g,
5.05 mmol) in anhydrous THF (40 mL) was added dropwise. The reaction
mixture was stirred for 2 h at 25 �C and saturated aqueous NH4Cl was
added (10 mL). Aqueous workup (Et2O/water) and flash chromatography
(9:1 hexane/EtOAc) gave pure 71 (0.726 g, 78%) as a solid.[31b]


7-[5-(Methyl-2,3-O-isopropylidene-�-�-lyxofuranosyloxy)]-2H-1-benzo-
pyran-2-one (72): A solution of methyl-2,3-O-isopropylidene-5-O-p-tolu-
enesulfonyl-�-�-lyxofuranoside[25] (1.2 g, 3.35 mmol) in dry DMF (20 mL)
was cooled to 0 �C and NaH (0.12 g, 5 mmol) and 4 (0.81 g, 5 mmol) were
added under nitrogen. The reaction mixture was stirred at 80 �C for 18 h.
Aqueous workup (50 mL EtOAc, 3� 20 mL 1� NaOH), drying over
MgSO4 and concentrated in vacuo gave 72, which was directly used for the
preparation of 24, without any further purification. 1H NMR (300 MHz,
CDCl3): �� 7.64 (d, J� 9.6 Hz, 1H), 7.38 (d, J� 9.6 Hz, 1H), 6.91 (m, 2H),
6.27 (d, J� 9.6 Hz, 1H), 4.98 (m, 1H), 4.84 (m, 1H), 4.62 (m, 1H), 4.34 (m,
2H), 4.25 (m, 1H), 3.39 (s, 3H), 1.49 (s, 3H), 1.34 (s, 3H).


7-[5-(Methyl-2,3-O-isopropylidene-�-�-ribofuranosyloxy)]-2H-1-benzo-
pyran-2-one (73): Application of the procedure for 72 to methyl-2,3-O-
isopropylidene-5-O-p-toluenesulfonyl-�-�-ribofuranoside[26](1.2 g,
3.35 mmol) gave 73, which was used for the preparation of 25 without
further purification. 1H NMR (300 MHz, CDCl3): �� 7.64 (d, J� 9.5 Hz,
1H), 7.38 (d, J� 8.8 Hz, 1H), 6.87 (m, 2H), 6.28 (d, J� 9.5 Hz, 1H), 5.04 (s,
1H), 4.80 (d, J� 5.9 Hz, 1H), 4.65 (d, J� 5.9 Hz, 1H), 4.56 (m, 1H), 4.06
(m, 2H), 3.35 (s, 3H), 1.53 (s, 3H), 1.36 (s, 3H).


Kinetic measurements : All substrates were diluted from stock solutions in
50% aqueous DMF, and stored at �4 �C. Stock solutions were adjusted
according to the integration of substrate peak as analyzed by RP-HPLC
(peak at 254 or 325 nm, see Table 4). For each enzyme measurement set, a
stock solution of enzyme (lyophilized powder, 100 or 10 �gmL�1), BSA
(2 mgmL�1), and NaIO4 (1m�) was prepared in advance in 20m� aqueous
borate at pH 8.8, and mixed to the stock solution of substrate just before the
measurement. Assays (0.1 mL) were followed in individual wells of round-
bottom polypropylene 96-well plates (Costar) by using a Cytofluor II
fluorescence plate reader (Perseptive Biosystems, filters �ex� 360 �20 nm,
�em� 460�20 nm), or of polystyrene 96-well plates (Costar) by using a
Spectramax 250 microplate spectrophotometer (Molecular Devices). Flu-
orescence data were converted to umbelliferone or 6-methoxy-2-naph-
thaldehyde concentration by means of a calibration curve, whereas optical


density at 405 nm was converted to 4-nitrophenol concentration. The rates
indicated in the tables are derived from the steepest linear portion in each
curve. Commercial enzyme preparations were purchased from Fluka,
Aldrich, Sigma, Boehringer Mannheim, or Serva.


Data treatment for gray scale activity arrays : The file format used to
generate the gray scale arrays is the portable-gray-map (.pgm) format.
Each grid position is first assigned a whole number between 0 (full black,
maximum activity) and 255 (white, no activity), which is done by simple
calculation from the reaction rates determined, typically in a Excel file. The
grid of numbers is then saved as comma-separated value (.csv) file. This file
is then opened in a text editor (wordpad, notepad, simpletext), and the
following three (or four) lines are inserted at the top of the file:


P2
# (optional line with identifier)
X Y
255


whereX is the number of columns in the array and Y the number of lines in
the array. The file is then saved from the text editor in the portable-gray-
map format by simply adding ™.pgm∫ to the filename. This file is opened by
a photo-software such as Photoshop, Paintshop, Coreldraw, etc., resized to
a width of approximately 200 pixels, and saved in bitmap file format (.bmp).


Data treatment for colored selectivity arrays : The file format used to
generate the colored selectivity arrays is the portable-pixel-map (.ppm)
format. Each grid position is first assigned three whole numbers corre-
sponding to the RGB color-code between 0 (zero intensity, maximum
activity) and 255 (maximum intensity, no activity) as follows: the first
number is set according to the activity observed with the (R)-enantiomer
(or the first of two given stereoisomers), the second number according to
the activity observed with the (S)-enantiomer (or second stereoisomer),
and the third number is simply the mathematical average of the first two
numbers. Thus a grid with X columns and Y lines is coded with 3X columns
and Y lines of whole numbers between 0 and 255. The grid of numbers is
saved as comma-separated-value (.csv) file. This file is then opened in a text
editor as above and the following three (or four) lines are inserted at the
top of the file:


P3
# (optional line with identifier)
X Y
255


whereX is the number of columns in the array and Y the number of lines in
the array. The file is then saved from the text editor in the portable-pixel-
map format by simply adding ™.ppm∫ to the filename. This file is opened by
a photo-software as above and resized to a width of approximately
200 pixels, and saved as bitmap file format (.bmp).


In this format it is possible to permutate the order of the three columns
corresponding to the RGB code, and obtain also an orange-to-blue and a
green-to-blue scale.
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Schlenk×s Early ™Free∫ Carbanions


Sjoerd Harder*[a]


Abstract: Nearly a century ago, Schlenk
published the syntheses and isolation of
two most remarkable and unstable com-
plexes: crystalline [Ph3C�][Me4N�] and
[PhCH2


�][Me4N�]. The crystal structure
of the first complex contains a ™free∫
Ph3C� ion, which displays the expected
planar trigonal geometry at its central
carbon atom. The phenyl groups are not
orientated in the typical propeller ar-
rangement, but instead display various
orientations with respect to the molec-


ular plane. These orientations can be
directly related to the extent of charge
delocalization and correlate well with
other structural characteristics related to
charge delocalization. The crystal struc-
ture also shows a network of C�H�� ¥ ¥ ¥
C�� and C�H ¥¥¥� interactions. Only


C�H ¥¥¥� interactions to the most neg-
ative charged phenyl rings are observed.
The absolute Br˘nsted acidity of Me4N�


is calculated by the G2(MP2) method
(287.7 kcalmol�1) and is compared to the
calculated acidity of Me4P� (268.4 kcal
mol�1). On this basis, the pKa value for
Me4N� is estimated at 29.6. This makes
the existence, and especially Schlenk×s
early isolation, of the ™free∫ carbanions
[Ph3C�][Me4N�] and [PhCH2


�][Me4N�]
quite noteworthy.


Keywords: acidity ¥ basicity ¥
carbanions ¥ crystal engineering ¥
hydrogen bonds


Introduction


The life and work of one of the most remarkable German
chemists, Wilhelm Schlenk, has recently been discussed in an
excellent and detailed essay.[1] One of Schlenk×s earlier and
major accomplishments was the isolation and experimental
proof of the first organic radical : (4-PhC6H4)3C


. .[2] An
important era of his later research, unfortunately not descri-


bed in the review article,[1] are
his attempts to synthesize or-
ganic compounds with a penta-
valent nitrogen (1, depicted in
the original notation system of
that time).


An early claim of the first hypervalent organic member in
Group 15 (Me5As)[3] spurred Schlenk, together with other
chemists, to a search of pentaorganonitrogen compounds.[4±8]


His success in the preparation of Ph3CNa led to the experi-
ment outlined in Equation (1).[5]


Reaction of dried Me4N�Cl with a red solution of Ph3CNa
in diethyl ether resulted in a fast discoloration of the solution
and the formation of a bright red precipitate, which was
isolated. To separate the product from NaCl, pyridine was
added and the resulting intensive blood red solution was
filtered under nitrogen. The addition of diethyl ether to the
mother liquor initiated a fast crystallization of the product and
a crop of ™beautiful glimmering red crystals with a bluish
metal shine∫[5] was isolated.


The reactivity of the product showed great similarity to that
of Ph3CNa itself. This, together with the observation that a
solution in pyridine conducts electrical currents, led to the
assumption that the fifth valence in the product shows a
reactivity different than that of the four Me groups. Schlenk
proposed an ionic bond between the Ph3C group and the N
atom, but it was still not clear how the bonding in the RNR�4
molecule should be interpreted.[7] Later research on pentavalent
Group 15 species with equal R groups, finally led to Wittig×s
major discovery of trimethylammonium methylide[8] followed
by the discoveries of the academically and industrially impor-
tant Wittig reagent[9] and the first pentaorganophosphoranes.[10]


Syntheses of the phosphoranes could only be achieved by the
use of organic groups lacking acidic � protons (Scheme 1).


In the light of today×s knowledge, Schlenk×s crystalline
™Ph3C�NMe4∫ cannot be classified as the first pentaorgano-
nitrogen compound;[11] however, it represents the first ion pair
including a carbanion: [Ph3C�][Me4N�]. The combination of a
quite reactive ™free∫ carbanion and a relatively acidic Me4N�


ion, makes the existence of Schlenk×s compound quite
remarkable. Later work elucidated the structures of ™free∫
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Scheme 1.


Ph3C� carbanions in the presence of several solvated metal
cations,[12±14] however, Schlenk×s first preparation of crystal-
line [Ph3C�][Me4N�] was never cited. This is presumably due
to the antiquity of Schlenk×s early publication, but also to the
fact that Schlenk did not recognize the existence of the ™free∫
carbanion himself. In the course of our research on ammo-
nium and phosphonium salts of cyclopendienyl (Cp) anions[15]


we investigated the compound originally made by Schlenk:
[Ph3C�][Me4N�].


Results and Discussion


Crystals made according to Schlenk×s original procedure were
not suitable for X-ray diffraction. Initial attempts to slowly
grow well-defined single crystals failed due to decomposition
of the grown crystals overnight. Numerous attempts of
analyzing crushed crystals with high-resolution powder dif-
fraction using synchrotron radiation were unsuccessful due to
the instability of the product.[16] The successful structure
determination involved fast crystallization of the compound
from a THF/Et2O mixture followed by immediate mounting
on the diffractometer precooled at �90 �C.


The structure of [Ph3C�][Me4N�] is illustrated in Figure 1.
The Ph3C� carbanion displays a perfect planar trigonal
geometry at the central carbon atom (C�) in Ph3C� (the sum
of valence angles at C� is 359.83(13)�). This feature, due to
delocalization of negative charge in the phenyl rings, is
observed in all other structural known ™free∫ Ph3C� carban-
ions[12±14] and is also typical for Ph3C� ions. Schlenk×s Ph3C�


carbanion, however, differs in one aspect from other ™free∫
Ph3C� and Ph3C� species. The phenyl rings in Ph3C� and
Ph3C� species are usually oriented such that a propeller exists.
Analysis of 21 crystal structures[17] show that the angles
between the phenyl rings and the central plane are in the
range of about 21� to 41� (average 31.1 �). Schlenk×s Ph3C�


carbanion (Figure 1) shows a much larger variation: one
phenyl ring is nearly coplanar with the central plane (11.5�),
one is in the range expected (26.1�), and the third phenyl ring
shows a more perpendicular orientation (61.1�). The average
value of 32.9� is in the normal range again. This variance in
orientation greatly influences the extent of charge delocaliza-
tion in the different phenyl rings. The planar ring (Ph1)
displays a large extent of charge delocalization, whereas
charge delocalization is nearly shut off for the perpendicular
phenyl ring (Ph3). Two structural parameters are very
sensitive to charge delocalization: 1) the C��Cipso bond length
that shortens with increased charge delocalization and 2) the
C-C-C angle within the phenyl ring at Cipso that decreases with


Figure 1. Crystal structure of [Ph3C�][Me4N�] (projection on the central
molecular plane of Ph3C�). The angles between the phenyl rings and the
plane of projection are Ph1: 11.5�, Ph2: 26.1� and Ph3: 61.1�.


increased charge delocalization.[18] Both values show an
excellent correlation with the angle between the correspond-
ent phenyl ring and the central molecular plane (see Fig-
ure 1).[19]


It has been stated that free unassociated anions are of
significant structural and theoretical interest because distort-
ing effects due to carbanion ±metal interactions are com-
pletely absent.[12b) ] The current structure, however, is different
to other structurally known ™free∫ Ph3C� carbanions. The
origin of this difference is that the Ph3C� species in the crystals
are not really free. Their structures are also influenced by
crystal packing and by nonclassical hydrogen bonds (i.e.
C�H�� ¥ ¥ ¥ C�� contacts). Especially the latter are particularly
strong in the current structure. Calculation of the charge
distribution in Me4N� shows that the positive charge is not
located on the nitrogen atom but divided over the hydrogen
atoms,[20] making the alkylammonium cations excellent do-
nors in nonclassical hydrogen bonds.[15, 21] The hydrogen bond
network in [Ph3C�][Me4N�] (Figure 2) can be described as a
quasi-linear arrangement of alternating Ph3C� carbanions and
Me4N� ions directed along one of the crystallographic 21 axes
(neighboring chains run parallel). Some hydrogen atoms of
the cation form C�H�� ¥ ¥ ¥ C�� interactions to the negatively
charged C� (H1 and H4) and others form C�H ¥¥¥� inter-
actions with the phenyl rings (H2 and H3). Note that C�H ¥¥¥
� interactions are only formed to the two most electron-rich
phenyl rings (Ph1 and Ph2 in Figure 1) and not to the
perpendicularly oriented phenyl group for which charge
delocalization has been largely shut off. The perpendicular
phenyl group (Ph3) is not a good hydrogen bond acceptor, but
acts as hydrogen donor in a C�H ¥¥¥� interaction to a Ph3C�


unit of a neighboring chain (H5��). Likewise, a C�H ¥¥¥�
interaction is accepted from the neighboring chain (H5).
Other structures of ™free∫ Ph3C� complexes[12±14] show similar
C�H�� ¥ ¥ ¥ C�� or C�H ¥¥¥� interactions.
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Figure 2. The quasi-linear arrangements of Ph3C� ions and Me4N� ions
directed along the 21 axis. Two Ph3C� ions of neighboring chains are
depicted as well. The C�H ¥¥¥ C and C�H ¥¥¥� interactions are shown by
dashed lines; C�H ¥¥¥ C (or C�H ¥¥¥ ringcenter) distances and angles (in
parentheses): H2 2.472 (163.2�), H3 2.845 (128.0�), H5 2.589 (146.3�), H1
2.844 (156.7�), H4 2.790 (139.7�).


The shortest C�H ¥¥¥ C distance in [Ph3C�][Me4N�]
(2.790 ä; H4) is considerably longer than that in [Cp�][Et4N�]
(2.520 ä).[15] This is in contrast with expectation: the stronger
base Ph3C� is a more potent acceptor in hydrogen bonds than
the Cp� ion. This oddity might be explained by steric
hindrance of the central carbon atom in Ph3C�. Also, the
additional formation of several C�H ¥¥¥� interactions to the
phenyl rings might easily distort this nonclassical hydrogen
bond (a network of intermolecular interactions is always a
compromise). The C�H ¥¥¥ C contact can be considered a
transient point on the reaction path for proton transfer
between Me4N� and Ph3C�. Its excessive length might be the
reason for the moderate stabil-
ity of [Ph3C�][Me4N�] and its
major decomposition into
Ph3CMe instead of Ph3CH.[17]


Schlenk was not only the first
to crystallize the ™free∫ Ph3C�


carbanion but even succeeded
in the preparation and isolation
of [PhCH2


�][Me4N�]. The com-
pound precipitated as a red
powder that, when dissolved in
polar solvents, decomposed
very fast.[22] The isolation of this
compound is even more re-
markable and evokes the ques-
tion: what is the pKa value of a
Me4N� ion? On basis of a large
inductive effect, the pKa value
of the Me4N� ion is assumed to
be considerably lower than that
of Me3N. Deprotonation reac-


tions and experimentally determined D/H exchange rate
constants collectively suggest that Me4N� has a pKa value
comparable with that of Ph3CH.[23] The instability of the ylide
Me3N��CH2


� prevents any experimental equilibrium meas-
urements and therefore an exact determination of a pKa value
for the Me4N� ion. Only calculational methods can give
information on the acidity of the Me4N� ion.


The gas-phase acidity of Me4N�, and for comparison also
that of Me4P�, were calculated by using the G2(MP2) method.
These values are compared with the recently experimentally
determined and calculated gas-phase acidities of Me3N, Me3P,
and their borane adducts (Figure 3).[24] The excellent agree-
ment between calculated and experimental values under-
scores the usefulness of advanced theoretical methods in the
discussion of acidity. Complexation of the amine or phos-
phane with BH3 greatly enhances its acidity by roughly 16 ±
17 kcalmol�1 (ca. 12 ± 13 pKa units). This complexation
technique was shown to be very useful in the � deprotonotion
of amines and their subsequent functionalizations.[25] Com-
plexation of Me3N or Me3P with the much stronger Lewis acid
Me�, results in an even larger acidification (experimental gas-
phase acidities have not been reported). It should be noted
that the relative gas-phase acidities for Me3N and Me4N�


cannot be compared with solution acidities. Solvation will
largely affect the stabilities of charged species and therefore
also the relative acidities of Me3N and Me4N� (deprotonation
of a neutral amine results in a charged species, whereas
deprotonation of the charged Me4N� results in a neutral
species). However, a comparison of the calculated acidities of
Me4N� and Me4P� is allowed (it is presumed that solvation
energies of Me4N� and Me4P� are of the same order of
magnitude). The alkylammonium cation is about 14.2 pKa


units less acidic than the alkylphosphonium cation for which
in solution a value of 15.4 has been determined.[26] The
estimated pKa value for Me4N� is therefore about 29.6. This
classifies the Me4N� ion as slightly more acidic than Ph3CH
for which a pKa value of 30.6 has been determined.[27] For
these reasons, Schlenk×s early preparation of [Ph3C�][Me4N�]


Figure 3. Experimental and calculated gas phase acidities (or Br˘nsted acidities) in kcalmol�1.
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and especially that of [PhCH2
�][Me4N�] (toluene×s pKa value


is estimated �40)[27, 28] have to be classified as highly
remarkable results which deserve belated recognition.


Experimental Section


All experiments were carried out under argon using predried solvents and
Schlenk techniques. The compound [Ph3C�][Me4N�] was prepared accord-
ing to Schlenk×s original procedure.[5]


Ab initio calculations were performed by using the G2(MP2) method
incorporated in the GAUSSIAN-94 program system.[29]


Crystal structure determination: Crystals suitable for single-crystal X-ray
diffraction were obtained by dissolution of the product in cold THF (0 �C)
and layering the red mother liquor with Et2O. The crystals start to grow
immediately and display a respectable size after one hour. The dark red
blocks were isolated, washed with a THF/Et2O mixture and then with pure
Et2O. A bright red crystalline block was immediately mounted on the Enraf
Nonius CAD4 diffractometer precooled at �90 �C. MoK� , 2�max� 52.0�,
4115 independent reflections (Rint� 0.012), 3586 reflections observed with
I� 2�(I). Crystal data: orthorhombic, space group P212121, a� 9.9357(12),
b� 10.6379(12), c� 17.4678(18) ä, V� 1846.3(4) ä3, formula
[C19H15][C4H12N], Z� 4. The structure was solved by direct methods
(SHELX-S)[30] and refined with SHELXL-97[31] against F 2 for all reflec-
tions: R� 0.0320, wR2� 0.0787, GOF� 1.06, �max� 0.13 eä�3, �min�
�0.14 eä�3. Friedels have been measured and the absolute structure was
confirmed by refinement of the Flack parameter. The ammonium cation
shows some disorder along one of its intrinsic threefold axes: three of the
four methyl groups are disordered over two positions in a ratio of 87/13.
Only the higher occupation is shown in Figure 1. Most of the hydrogen
atoms have been found and were isotropically refined with free displace-
ment factors. Only the hydrogen atoms belonging to the disordered
minority part (13%) have been calculated and were refined in a riding
model. For analysis of the hydrogen network, all hydrogen atoms have been
calculated at distances of 1.08 ä.[15] Molecular illustrations and geometry
calculations were performed with the PLATON package.[32] CCDC-172128
contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or
deposit@ccdc.cam.ac.uk).
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Abstract: Geometry optimization and
GIAO (gauge including atomic orbitals)
13C NMR chemical shift calculations at
Hartree ± Fock level, using the 6-31G(d)
basis set, are proposed as a tool to be
applied in the structural characteriza-
tion of new organic compounds, thus
providing useful support in the interpre-
tation of experimental NMR data. Pa-
rameters related to linear correlation
plots of computed versus experimental
13C NMR chemical shifts for fourteen


low-polar natural products, containing
10 ± 20 carbon atoms, were employed to
assess the reliability of the proposed
structures. A comparison with the hy-
brid B3LYP method was carried out to
evaluate electron correlation contribu-
tions to the calculation of 13C NMR


chemical shifts and, eventually, to ex-
tend the applicability of such computa-
tional methods to the interpretation of
NMR spectra in apolar solutions. The
method was tested by studying three
examples of revised structure assign-
ments, analyzing how the theoretical
13C chemical shifts of both correct and
incorrect structures matched the exper-
imental data.


Keywords: ab initio calculations ¥
NMR spectroscopy ¥ natural prod-
ucts ¥ GIAO ¥ structure elucidation


Introduction


A number of papers have recently appeared in the literature
concerning the calculation of NMR chemical shift (CS) by
quantum-chemistry methods.[1±6] These papers indicate that
geometry optimization is a crucial factor in an accurate
determination of computed NMR chemical shift Moreover, it
is known that the B3LYP DFT method adequately takes into
account electron correlation contributions, which are espe-
cially important in systems containing extensive electron
conjugation and/or electron lone pairs.[5] However, consider-
ing that as molecular size increases, computing-time limita-
tions are introduced for obtaining optimized geometries at the
DFT level, it was proposed that the single-point calculation of


magnetic shielding by DFT methods was combined with a fast
and reliable geometry-optimization procedure at the molec-
ular mechanics level.[5]


Herein we undertake the calculation of 13C chemical shift,
relative to tetramethylsilane, of organic compounds with
molecular weight in the range 150–250 Dalton, by the ab
initio Hartree ± Fock (HF) method, after full-geometry opti-
mization at the same level of theory. The choice of ab initio
methods for geometry optimization was suggested by the up-
to-date availability of computational methods and low cost
hardware resources, which undoubtedly overcome the need to
use empirical force fields or semiempirical methods for
finding reliable geometries for broad classes of molecules.
Our aim is to provide valid computational support to the
structural characterization of natural products containing up
to 20 carbon atoms, whose NMR spectra are usually recorded
in the solution phase. 13C NMR chemical shifts are partic-
ularly suitable for this method of analysis because they are
spread over a larger spectral window than, for example,
1H NMR chemical shifts.


The bottleneck in the application of quantum-chemistry
methods for structure determination of solute molecules, is
essentially the combination of 1) inherent computational
limitations, strictly related to the size of the studied system
and the accuracy of the theoretical approach, and 2) bulk
effects, mainly related to the interaction of the probe
molecule with the solvent. With regard to the first point, the
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current development of computer facilities and computa-
tional methods permits, especially for atoms of the first two
rows of the periodic table, the use of increasingly extended
basis sets at either HF, DFT, or post-HF methods for 13C NMR
calculations.[6] Concerning the second point, the treatment of
solvent effects and, more generally, of intermolecular inter-
actions is not currently straightforward and pertains subjec-
tively to the particular system under study.[1, 6]


The development of new NMR equipment and techniques
that has occurred over the last few years has propelled NMR
spectroscopy to become the leading technique for the
structure elucidation of organic compounds in solution.
Nevertheless, in the field of natural products, even with the
aid of the most powerful multi-dimensional analyses, some-
times the small amount of sample available and more often
the intrinsic structural complexity can lead to erroneous or
ambiguous conclusions.[7]


Herein we focus on a number of low-polar organic
compounds (Scheme 1), whose 13C NMR spectra were
typically recorded in deuterated chloroform solution. Indeed,
for this class of compounds, we neglected the solvent effects in


our calculations, with the heuristic assumption that the
solution structure is not, or is only very slightly, perturbed
by the presence of the low-polarity solvent. The findings
confirmed such a hypothesis.


Here we show the capability and limits of the HF method
and the improvements made at the higher B3LYP level. A
comparison between calculated and experimental chemical
shifts of compounds with known structures[8] shows that the
computed chemical shifts are in good-to-excellent agreement
with the experimental data. The NMR spectrum interpreta-
tion method is tested on three cases in which misinterpreta-
tion of experimental data led to erroneous structure determi-
nations.[7, 9, 10]


Interestingly, it was observed that electron correlation
contributions were more important for species showing
13C NMR signals in the low-field region of the spectrum. This
observation can be used as a rule of thumb for using post-HF
methods for the calculation of 13C NMR chemical shifts. In the
following paper in this issue,[11] we extend the method to study
the challenging field of flexible apolar compounds possessing
stereogenic centers.


Scheme 1. Chemical structures of compounds 1 ± 14.[8]
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Results and Discussion


The 13C chemical shift values, calculated for the optimized
structures of the compounds shown in Scheme 1 and
Scheme 2 were plotted against the corresponding experimen-
tal 13C chemical shift values reported in the literature.[7±10]


These compounds, characterized by the absence of conforma-
tional isomerism, were selected among low-polar natural
products with rigid frameworks.


Figure 1 shows the correlation plot of the 13C chemical shift
(CS) values, calculated at HF level versus the corresponding
experimental data of the fourteen species shown in Scheme 1.


The plot consists of 223 points. The least-squares fit values of
intercept, slope and linear correlation coefficient (r) of these
points (average) and of the points relative to the single species
are reported in Table 1.


At HF level, the � values of the linear fits generally turned
out to be greater than or equal to 0.995. In our opinion, this
provides a value for comparison with results of analogous
calculations that may be employed for 13C NMR structure
interpretation.


Nevertheless, a certain variability in the calculated fitting
linear parameters has been observed for each of the com-
pounds reported in Table 1, especially in the intercept values.


This, in our opinion, should be
attributed to a) electron corre-
lation and b) solvent effects. To
verify the weight of these two
contributions, in Figure 2 we
considered, as an example, the
correlation plots of the calcu-
lated 13C NMR chemical shifts
at both the HF and B3LYP
levels, with the experimental
data relative to the species
5-�-androstan-12-one (2) and
coumestane (8) (Scheme 1).


The geometry of 5-�-andro-
stan-12-one (2) was optimized
in the ™chair∫ conformation for
the three cyclohexyl groups,
and the calculated 13C NMR
chemical shifts showed a high
correlation with the corre-
sponding experimental data.
The observed 13C NMR chem-
ical shift values, except the one
relative to the keto function at
C-12, fell in the high-field range
�� 10 ± 60 ppm (see Figure 2).


Figure 1. Correlation plot of calculated versus experimental 13C NMR
chemical shift (CS), at the HF level, for the species 1 ± 14 represented in
Scheme 1.


Scheme 2. Correct and incorrect structures for antidesmone (15,[9] 16[12]), magnolialide (17,[16] 18 ± 19[13±14]) and
benzofurano-eromophil-1-ene (20,[10] 21[15]).


Table 1. Intercept, slope, correlation coefficient (r) and corresponding HF
and B3LYP energy, obtained by linear fitting of calculated versus
experimental 13C NMR chemical shift plots for the species in Scheme 1.


Species Theory Intercept Slope r Energy [a.u.]


1 HF � 5.650 1.008 0.995(5) � 1099.9125
2 HF � 2.080 0.933 0.998(0) � 811.8504


B3LYP 3.530 0.934 0.999(8) � 817.3365
3 HF � 2.060 0.936 0.998(2) � 811.8499
4 HF � 1.252 0.996 0.999(5) � 387.9785
5 HF � 2.068 0.985 0.997(1) � 387.9604
6 HF 0.758 0.955 0.999(7) � 462.8238
7 HF 0.556 0.956 0.999(7) � 462.8236
8 HF 4.285 0.950 0.989(2) � 797.3028


B3LYP 2.443 0.934 0.996(4) � 802.1093
9 HF � 3.278 0.974 0.994(7) � 775.9779
10 HF � 3.568 0.981 0.997(1) � 775.9683
11 HF � 3.594 0.992 0.995(5) � 775.9673
12 HF � 5.551 1.029 0.997(8) � 842.3934
13 HF 3.985 0.747 0.995(8) � 661.2445
14 HF � 5.810 1.011 0.997(4) � 1562.2763


HF
average


� 3.265 0.990 0.997(6) ±
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Figure 2. Two examples of correlation plots, data points, and fitting
straight lines, of calculated versus experimental 13C NMR chemical shift
(CS), at the HF (solid lines, square boxes) and the B3LYP (dotted lines,
round boxes) levels, for 5-�-androstan-12-one (2) and coumestane (8).


The carbon atom C-12 in 2 is more deshielded as a
consequence of the binding to the oxygen atom. The values
for the intercept, slope and r of the corresponding linear fits
for (2) and (8) are reported in Table 1. The lowest r value
observed for coumestane (8) at the HF level, 0.989 (see
Figure 2 and Table 1), has to be, as reported for similar
compounds,[4, 5] attributable to the presence of extensive
electron conjugation and lone pairs of electrons on the
oxygen atoms. This is related to the low-field region (�� 110 ±
170 ppm) of the experimental 13C NMR chemical shift signals
(see Figure 2).


In this case, the requirement of post-HF methods for its
treatment seems to be necessary; in fact the linear correlation
of the chemical shifts calculated at the B3LYP level turned out
to be higher: 0.996 (see Figure 2 and Table 1). On the other
hand, chemical shifts of 2 calculated at the B3LYP level did
not produce relevant improvements in the r values with
respect to the chemical shifts calculated at the HF level
(Figure 2 and Table 1). These results indicate that, in the ab
initio determination of 13C NMR parameters, 1) the electron
correlation energy contribution, as expected, increases with
the electron density around the carbon atoms since at the
B3LYP level we significantly improve the linear correlation
observed at the HF level, and 2) for the particular class of low-
polar compounds investigated here, the solvent effects should
be negligible.


To verify the reliability of the method, we considered three
general cases of misinterpretation of 13C NMR spectra, with
incorrect structure assignments. These concerned the alkaloid
antidesmone (15),[9] a Cichorium sesquiterpene lactone (12)[7]


and a sesquiterpene fromLigularia sagitta (20),[10] represented
in Scheme 2. In the original papers[7, 9, 10] it is stressed that the
small amount of sample and the structural complexity of
natural products can cause the lack of key diagnostic NMR
correlations in the two-dimensional spectra necessary for a
safe assignment. In these cases, a validation method for
structure elucidation of natural compounds could be a
powerful supporting tool to avoid incorrect structural inter-


pretations of experimental NMR data. For this purpose, we
calculated 13C NMR chemical shift values by the method
described here, at both the HF and the B3LYP level, for the
right and wrong structures for the compounds listed above
(see Scheme 2).[7, 9, 10, 12±15]


Antidesmone : In a recent paper,[9] the structure of antides-
mone, an alkaloid from Antidesma membranaceum and
Antidesma venosum, was revised to become structure 15
(Scheme 2), rather than the isoquinoline derivative 16, as
assumed previously.[12] To explore the potential of the
validation method proposed, structures 15 and 16, for which
the octyl fragment at C-6 was substituted in our calculation by
the shorter propyl group, were optimized at the HF and the
B3LYP level and 13C NMR chemical shifts were determined.
Figure 3 shows the calculated and corresponding experimen-
tal 13C NMR chemical shift[9] The values of intercept, slope,
and r of the least-squares linear fits are reported in Table 2.


Figure 3. Correlation plots of calculated versus experimental 13C NMR
chemical shift (CS), data points, and fitting straight lines, at the HF (solid
lines, square boxes) and the B3LYP (dotted lines, round boxes) levels, for
the right (15) and wrong (16) proposed structures of antidesmone. The plot
relative to 16 has been displaced by 80 ppm along the ordinate axis, for
better visualization.


Table 2. Intercept, slope, correlation coefficient (r) and corresponding HF
and B3LYP energy, obtained by linear fitting of calculated versus
experimental 13C NMR chemical shift plots for the species in Scheme 2.


Species Theory Intercept Slope r Energy [a.u.]


15 HF � 0.812 0.979 0.998(4) � 820.2571
B3LYP 4.438 0.928 0.998(2) � 825.3624


16 HF � 2.591 1.006 0.985(6) � 820.2679
B3LYP 1.990 0.957 0.988(3) � 825.3699


17 HF � 2.960 0.979 0.996(3) � 804.2320
B3LYP 2.843 0.945 0.998(8) � 809.2810


18 HF � 2.922 0.982 0.993(8) � 804.2305
B3LYP 3.611 0.941 0.996(3) � 809.2789


19 HF � 1.543 0.988 0.992(3) � 804.2343
B3LYP 4.789 0.946 0.992(1) � 809.2830


20 HF 0.302 0.978 0.999(4) � 652.1924
B3LYP 3.418 0.933 0.999(5) � 656.4519


21 HF 1.981 0.968 0.999(0) � 652.1857
B3LYP 5.319 0.920 0.999(4) � 656.4437
HF
average


� 2.365 0.988 0.997(8) ±


B3LYP 3.600 0.931 0.999(2) ±
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The r value, relative to structure 15, is higher than that
observed for structure 16. In particular, the r value of the
latter, 0.986, is lower than the average value reported in
Table 1. This would indicate that 16 is a less probable structure
than 15 for antidesmone. To confirm this hypothesis we
employed another parameter useful for discriminating be-
tween the trial structures. This was obtained by considering
the differences between scaled theoretical and experimental
13C chemical shift values (��). The scaled theoretical chemical
shift value of any X carbon atom of a given compound, CSSX,
was obtained as: CSSX� (CSX� Intercept)/Slope, Intercept and
Slope being the corresponding least-squares parameters
obtained by the linear correlation plots of the same com-
pound. The �� values for each carbon atom of structures 15
and 16 of Scheme 2, are shown in Figure 4. Considering the


Figure 4. Differences between scaled and experimental 13C NMR chemical
shifts for the right (15) and wrong (16) proposed structures of antidesmone.


�� values of structure 16 for the single carbon atoms, it is
possible to appreciate considerable deviations for C-2, C-3,
and C-4: �� 18.9, 26.4, and 14.7 ppm respectively (see
Figure 4). Thus structure 16 is finally ruled out on the basis
of this evidence.


The B3LYP calculations of 13C chemical shifts confirm the
trends observed at HF level (see Table 2, rows 15 and 16).


Magnolialide : The Cichorium eudesmanolide magnolialide
was first isolated from Magnolia grandiflora in 1979 and
reported as structure 17 (Scheme 2). Its structure elucidation
was confirmed by comparison with a synthetic product
obtained by cyclization of costunolide-1,10-epoxide.[16] The
same compound was later isolated from Cichorium intybus,
Cichorium endivia[13] and Cichorium pumilum[14] and assigned
wrongly to structures 18 and 19, respectively. On the basis of
the results reported in Figure 5 and in Table 2, for compounds
17, 18, and 19, we observe that compound 19 shows the lowest
correlation coefficient among the three. This, and the very
large values of �� corresponding to the atoms C-5, C-8, C-13,


Figure 5. Correlation plots of calculated versus experimental 13C NMR
chemical shift, data points, and fitting straight lines, at the HF (solid lines,
square boxes) and the B3LYP (dotted lines, round boxes) levels, for the
right (17) and wrong (18 and 19) proposed structures of magnolialide. The
plots relative to 18 and 19 have been displaced, respectively, by 80 and
160 ppm along the ordinate axis, for better visualization.


and C-14, allows one to exclude 19 as a possible structure of
magnolialide.


The �� plots of 17 and 18 are quite similar, as shown in
Figure 6. However, the �� values are slightly larger for 18.
This, together with the r values obtained from the correlation


Figure 6. Differences between scaled and experimental 13C NMR chemical
shifts for the right (17) and wrong (18 and 19) proposed structures of
antidesmone.
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plots of these compounds (Table 2) led to the assignment of
structure 17 to magnolialide.


This analysis is supported by the correlation plots obtained
from the chemical shift data calculated at B3LYP level (see
Figure 5 and Table 2).


Incidentally, it should be noted that, by our computational
approach, we have been able to discriminate between and
assign the chemical shift values �� 128.87 and 126.34 ppm to
the C-4 and C-5 of magnolialide (17), respectively, which had
not been unequivocally assigned previously.[7]


Sesquiterpenes from Ligularia sagitta : An intrinsic limitation
of the present method occurs when the 13C calculated
chemical shift values of correct and incorrect structures are
very similar. This is the case for compounds 20 and 21
(Scheme 2), both considered for the interpretation of the
13C NMR spectrum of the sesquiterpene isolated from the
rhizomes of Ligularia sagitta.[15] The revised structure 21
differs from the correct 20 in only the position of a double
bond; C-2/C-3 in 21 moved to C-1/C-2 in 20. Indeed, for both
structures 20 and 21 the relative r values are higher than 0.999
(Figure 7 and Table 2), the one observed for 20 being slightly


Figure 7. Correlation plots of calculated versus experimental 13C NMR
chemical shift (CS), data points, and fitting straight lines, at the HF (solid
lines, square boxes) and the B3LYP (dotted lines, round boxes) levels, for
structures, right (20) and wrong (21), of ligularia. The plot relative to 21 has
been displaced by 80 ppm along the ordinate axis, for better visualization.


larger than that observed for 21 at both the HF and B3LYP
levels. Neither value, nor the �� analysis, allow in this case an
unambiguous assignment. However, the correct assignment of
structure 20 was achieved by the joint analysis of two-
dimensional NMR experiments and X-ray crystallographic
results.[10]


Further considerations on HF and B3LYP calculations of
13C NMR chemical shifts : Figure 1 shows that the straight
lines fitting the points in the range 10 ± 70 ppm of the
experimental chemical shift axis would have a lower linear
slope and a higher intercept than those fitting the data
included in the range �� 90 ± 220 ppm. An example is given
by podocarpane (13), whose 13C chemical shift values range
within 10 ± 60 ppm. In this case, the slope and intercept


calculated at the HF level were lower and higher with respect
to the average values (Table 1, row 13 and 15, respectively).
Moreover, the points in the range 90 ± 220 ppm in the
experimental chemical shift axis are quite scattered as
observed, for example, in the case of coumestane (8),
(Figure 2 and Table 1, row 8), whose 13C NMR signals fall in
the low-field range 110 ± 170 ppm. This behavior can be
attributed to electron correlation effects, which produce two
different linear trends in these two regions of the 13C NMR
spectrum. Figure 8 shows two overlapped correlation plots
obtained by considering the compounds reported in Scheme 2
together with the data relevant to 8 and 2, see Scheme 1 and
Table 1.


Figure 8. Correlation plots of calculated versus experimental 13C NMR
chemical shift (CS), data points, and fitting straight lines, at the HF (solid
lines, square boxes) and the B3LYP (dotted lines, round boxes) levels, for
the species 2, 8, 15 ± 21.


The plots in Figure 8 consist of 76 data points and the trend
is similar to that of Figure 1. The least-squares fit parameters,
reported in Table 2, show analogous values of intercept, slope,
and r value to the ones reported in Table 1. On the other hand,
in Figure 8 it is clearly seen that 1) the departure from the
average intercept and slope in the high-field region is clearly
reduced at the B3LYP level, together with 2) the scattering of
data observed in the low-field region. This, in our opinion,
would indicate that both of the above effects could be mainly
attributed to the neglect of electron correlation at the HF
level; the solvent interaction effects less affect the chemical
shift calculations.


Interestingly, the calculated chemical shifts were usually
lower than the corresponding experimental ones (see Sup-
porting Information). This has to be related to the variation
principle followed by HF methods.[17] In fact, by improving the
level of the theoretical method, the 13C NMR chemical shifts
usually increase as the total energy of the system decreases,
approaching the experimental values.[3, 4, 6] This led us to
assume that differential calculated chemical shift values (see
Computational Methods) should be preferable to calculated
magnetic shielding values, if the same level of theory for
geometry optimization and 13C chemical shift calculation is
employed.[5] In fact, in this way we should partially compen-
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sate for systematic errors of the calculated with respect to the
experimental data, due to correlation energy contributions.


Conclusion


The HF and B3LYP methods are proposed here as a
computational tool to support the structural interpretation
of NMR data of low-polar, medium-sized, natural products.


GIAO-calculated chemical shift values of optimized trial
structures were used to draw linear correlation plots of
calculated versus experimental 13C NMR data. The correla-
tion plot parameters and/or their functional expression
allowed confident structural interpretations of NMR spectra.


At the HF level, with the 6-31G(d) basis set, an r value of
about 0.995 is generally indicative of a judicious guess. Slope
and intercept of the different linear fits show a large range of
values, depending on the considered range of NMR 13C
chemical shift Compounds presenting extensive electron
conjugation and/or lone pairs of electrons, show 13C NMR
signals in the low-field region. In such cases, a slightly lower
linear correlation has always been observed, which is, how-
ever, improved at the B3LYP level.


Of course, limits occur when the 13C NMR interpretation is
based on small-differing trial structures. In this case the use of
appositely defined �� parameters was suggested.


Computational Methods


Ab initio calculations were performed on the species indicated in Scheme 1
and 2 at the HF and at the B3LYP level, with the 6-31G(d) basis set, using
the Gaussian98W package.[18] The geometry of the species above, together
with that of tetramethylsilane (TMS), were fully optimized. The theoretical
NMR 13C chemical shift values were obtained by subtracting the GIAO-
calculated[19±21] 13C isotropic magnetic shielding (I.M.S.) of any X carbon
atom, to the average GIAO 13C IMS of TMS: CSX� IMSTMS� IMSX. Least-
square linear fitting parameters of correlation plots between computed and
experimental chemical shift values and/or a functional expression of the
same parameters (see Results and Discussion) were employed to discrim-
inate among the structural hypotheses.
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Synthesis and Characterization of Conjugated Diblock Copolymers


Hengbin Wang,[a] Man-Kit Ng,[a] Liming Wang,[a] Luping Yu,*[a] Binhua Lin,[b]


Mati Meron,[b] and Yanan Xiao[b]


Abstract: This paper reports the synthesis and characterization of a new class of
diblock copolymers (co-oligomers), rod ± rod conjugated diblock copolymers. A
general synthetic strategy is outlined, and the structures of the copolymers
(oligothiophene ± co-oligophenylenevinylene) are fully characterized. It was found
that these copolymers exhibit efficient intramolecular energy transfer. An interesting
self-assembly ability of these rod ± -rod copolymers was also revealed.


Keywords: block copolymers ¥
conjugation ¥ energy transfer ¥
phase separation


Introduction


The extended �-electronic systems of conjugated polymers
give the materials numerous physical properties, which
resemble those of a typical inorganic semiconductor. Proper-
ties such as high electric conductivity after chemical doping,
optical nonlinearity, and electroluminescence have been
demonstrated in the past decades.[1±3] These materials offer
scientists an opportunity to explore new and different
concepts in solid-state devices, such as organic light-emitting
diodes,[4] field effect transistors, chemical sensors, and all-
polymeric optic-electronic devices.


More recently, interest has grown in organizing these
materials into three-dimensional structures so that novel
morphologies, and even new properties can be observed, and
a better understanding of the property ± structure relationship
can be obtained. A typical example is the synthesis and study
of rod ± coil types of diblock copolymers, in which one of the
blocks is a conjugated block.[5±7] Interesting morphologies
including spherical, cylindrical, and lamella nanometer struc-
tures have been observed. However, an important class of
block copolymers, rod ± rod conjugated diblock copolymers,
has not been reported in the literature probably due to the
synthetic difficulty. A conjugated diblock copolymer will
certainly behave differently from rod ± coil types of structures.
A fundamental question is what kind of electronic and


structural properties will these rod ± rod types of diblock
copolymers exhibit. These systems offer the opportunity to
explore an unknown domain that could be fruitful for
discovering new knowledge and generating new materials.
This paper reports our recent successful efforts in synthesizing
several conjugated diblock polymers (or oligomers) and their
physical and morphological studies.


Results and Discussion


Synthesis and structural characterization : Scheme 1 shows the
synthetic approach of these copolymers (Copolymers 5a ± c).
In this scheme, two conjugated blocks were prepared in a
stepwise synthetic approach developed in our laborato-
ry.[5, 10, 11] There are several reasons for selecting oligo(phen-
ylenevinylene) (OPV) and oligothiophene (OT) as the two
blocks. Firstly, both oligo(phenylenevinylene) and oligothio-
phene possess very interesting optical and electronic proper-
ties.[1±4] Secondly, all-trans oligo(phenylenevinylenes) are very
rigid molecules exhibiting liquid crystallinity; oligoalkylthio-
phene is completely amorphous when the alkyl groups on the
3-position of the thiophene repeating units are racemic, �-
branched side chains. A significant difference in � values
between the two blocks can thus be expected. For example,
the solubility parameters for various polymer repeating units
present in the diblock copolymers can be estimated by group
contribution methods developed by Van Krevelen.[12] The
calculated values are: oligo(3-hexylthiophene) 18.7 J1/2/cm3/2 ;
oligo(alkyl-substituted phenylenevinylene) 19.6 J1/2/cm3/2. Fi-
nally, the structures of both blocks can be modified with
electron-rich or -deficient substituents. A methyl ester group
was attached to the oligothiophene block to increase the
polarity of the copolymers so as to facilitate the purification of
the final products. It was found that compound 1a could not
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undergo the coupling reaction with compound 4 under the
normal Heck reaction conditions. Compound 3 was thus
synthesized from corresponding compounds 1b and 2. The
Heck coupling between compounds 4 and 3 went smoothly
and generated diblock copolymers with good yields. The final
products were purified by column chromatography (silica gel)
using ethyl acetate/hexane or a chloroform/hexane mixture as
the eluent.


All three copolymers are very soluble in chloroform or
THF, copolymer 5a is very soluble in hexane, 5b is less so, and
5c is almost completely insoluble in hexane. Each of these
copolymers possesses a single molecular weight as shown by a
single sharp peak from the GPC spectrum (polydispersity
�1). The elemental analyses were consistent with the
copolymer composition, and matrix-assisted laser desorption
ionization (MALDI) mass spectra of these compounds
showed molecular weights of copolymers 5a (2551.57), 5b
(2923.99), and 5c (3299.55).


The chemical structures of these copolymers were con-
firmed by 1H and 13C NMR spectroscopy. All of the chemical
shifts corresponding to the oligo(phenylenevinylene) and
oligothiophene blocks appear in the 1H and 13C NMR spectra.


Because these all-trans-OPVs are rigid molecules, all of the
copolymers manifest a reversible thermotropic liquid-crystal-
line phase (LC). The LC ± isotropic transition of three
copolymers was clearly observed at 83.6, 144.2, and 189.1 �C
for copolymers 5a, 5b, and 5c, respectively, from DSC traces
of heating scans with a scan rate of 10 �Cmin�1. The reversed
transition was observed at 58, 110, and 167 �C, respectively,
from DSC traces of cooling scans. But the glass transition


temperatures of the copolymers
and the crystalline melting
peaks corresponding to the
OPV blocks were not observed.
This is consistent with our pre-
vious studies of OPV±PEG
block copolymers;[7] a visible
crystalline melting peak of an
OPV block can be observed
only for an OPV with 13 or
more phenyl rings. Polarized
optical microscopic studies of
these copolymers confirmed
the LC± isotropic phase transi-
tion temperature.


Cyclic voltammetry studies
revealed complicated features
of the electrochemistry of these
copolymers (Figure 1). Three
oxidation processes (0.79, 1.03,
and 1.32 V vs Ag�/Ag) can be
noted for compound 6. The CV
results for oligothiophene 7 in-
dicated four oxidation process-
es at 0.54, 0.66, 1.02, and 1.19 V.
As the chain length increases,
overlapping of the redox waves
complicates the determination
of the oxidation potentials for


the copolymers. The first and second oxidation potentials for
copolymer 5a were cathodically shifted to�0.50 and�0.59 V
with respect to oligothiophene 7. Three more oxidation
potentials appeared at 0.74, 0.87, and 1.06 V. No reduction
process was observed for all compounds within the range from
0 to �1.6 V versus Ag/Ag�.


Figure 1. Cyclic voltammograms of compounds 6, 7, and copolymer 5a in
0.1� Bu4N�ClO4


�/CH2Cl2; scan rate 100 mVs�1, reference Ag/Ag�.


TEM studies : Although both blocks of these copolymers are
hydrophobic rigid rods, TEM studies revealed an interesting
self-assembling ability of these rod ± rod copolymers. It was
found that the compositions of the diblock copolymers affect
the morphology of the resulting assembly significantly (Fig-
ure 2 A, B, and C). Copolymers 5a, 5b, and 5c possess the


Scheme 1. Synthesis of conjugated diblock copolymers.
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Figure 2. TEM images of films of copolymers 5a (A), 5b (B), and 5c (C)
prepared by placing a drop of the solution onto a carbon-coated copper grid
or SiN grid. The grids were dried under a solvent atmosphere. The
specimen was then examined by using a PhilipsCM120 electron micro-
scope operated at 120 kV.


same oligothiophene block but differ in the number of
phenylenevinylene units. This small difference causes the


morphology of copolymer films to change from an interwoven
network (copolymer 5a, A) to layered stripes (copolymer 5b,
B) and to lamella (copolymer 5c, C) when the hexane/
chloroform (10%) mixture was used as the solvent. Both
carbon-coated copper grids and SiN grids were used as the
substrate. No morphological change was observed after the
samples were annealed at 100 �C for 24 hours.


It was also found that the solvent used to prepare films
affected the morphologies of these copolymers. When pure
chloroform was used as the solvent, the morphology of
copolymer 5b changed to an interwoven network, and 5c
changed to layered stripes.


X-ray diffraction studies : SAXS studies were carried out to
further identify the molecular packing for morphologies of
these copolymers. Figure 3a shows the SAXS profiles of the


Figure 3. a) Small-angle X-ray scattering patterns of copolymers 5a, 5b, and 5c at room temperature; b) wide-angle X-ray diffraction profiles of
copolymers 5a, 5b, and 5c at room temperature; c) schematic representation of the single-crystal packing structure of compound 6.







Conjugated Diblock Copolymers 3246±3253


Chem. Eur. J. 2002, 8, No. 14 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0814-3249 $ 20.00+.50/0 3249


three copolymers at room temperature. The diffraction
patterns consist of two to three Bragg reflections with equal
reciprocal spacing, which indicates a lamella microstructure.
The calculated molecular lengths and the corresponding
lamellar spacings are listed in Table 1. It can be noted that
compound 5a has a smaller spacing than the calculated one.
The difference in measured spacing between 5a and 5b
(4 nm) is much larger than that between 5b and 5c (1.5 nm),


although the molecular structures differ just by two phenyl-
enevinylene units (1.3 nm). These results indicate that the
molecular packing in the lamella of compound 5a is different
from those of compounds 5b and 5c. To accommodate these
results, we propose that compound 5a forms lamella with a
single molecular layer arrangement (Scheme 2a). The SAXS
shows the diffractions from (100), (200), and (300) lattice
planes with the lattice parameter of 6 nm. In this model, each
molecule is tilted against the layer with an angle of 60�, which
will give rise to a layered structure with a thickness of 6 nm.
However, the SAXS results only indicate one-dimensional
arrangements. Wide-angle X-ray diffraction studies must be
used to identify the three-dimensional structure of the
lamella. Since these molecules cannot form single crystals
large enough for precise structural determination, annealed
samples were used. The WAXD results for compound 5a are
very simple and are shown in Figure 3b. There are three sharp
diffraction peaks in addition to a very diffused diffraction due
to an amorphous phase. The assignments of these peaks are
indicated in Figure 3b. The (010) and (020) diffractions can be
assigned with confidence and they correspond to a lattice
parameter of 1.400 nm. The diffraction at d spacing of
0.483 nm can be assigned to either (030) or (001) or both.
Judging from the diffraction intensity change from (010) to
(020), we can attribute this diffraction mainly to diffrac-
tion (001), corresponding to the interdistance between �-
orbital planes. These assignments are consistent with the
single-crystal structure of compound 6a, which has a triclinic
lattice structure (Figure 3c and Table 2).


Clearly, even the OPV5 lattice exhibits a layered structure.
The b and c lattice parameters are very similar to those in co-
oligomer 5a, which is not unexpected. It can be explained
based on the fact that the addition of an OT8 block increased
the thickness of the layer with minimal perturbation to the
lateral intermolecular distance. However, since Figure 3b
shows no high order diffraction for 5a, it is difficult to
determine the exact lattice structure because the angular
information cannot be obtained. The reason for the absence
of the higher order diffraction could be due to the difficulty
for the OT8 block to form a regular crystal lattice because the
side chains of the OT8 are racemic alkyl groups. Another
uncertainty is the interlayer registration. It is unknown
whether the interlayer molecules are stacked together head-


to-tail or there is a shift as shown in the crystal structure of 6
(Figure 3c). For co-oligomers 5b and 5c, their X-ray diffrac-
tion patterns are very similar. The SAXS results indicated
layered structures with a larger spacing for 5c than 5b.
However, the measured layer spacings of copolymer films 5b
and 5c are larger than the calculated molecular lengths, so the
lamella layer must consist of two molecules. Tentatively, we
propose that two of the diblock molecules stick together head
to head to form the repeating unit. This repeating unit is tilted
with an angle of 38� against the layer planes for both 5b and
5c (Scheme 2b). The WAXD results of these two molecules
are almost identical. They have higher order diffractions. A
tentative assignment for several featured peaks based on 5a
and OPV5 results is indicated in Figure 3b. For 5b, for
example, the (010) diffraction has a d spacing of 1.21 nm. The
(020) or even (030) peaks can be identified. The � ±�
interplane distance of 0.491 nm can be identified. The higher
order diffraction peaks can be assigned based on the
parameters of a� 10.0, b� 1.21, and c� 0.493 nm, and ��
91, �� 91, and �� 101�. It has to be mentioned that these
assignments are not conclusive, as the X-ray results for the
polymeric materials will be due to the lack of single-crystal
data, and the fact that many diffraction peaks are diffused.
However, the lattice parameters deduced are self-consistent
with all of the experimental facts.


Optical properties : The optical properties of the copolymers
5a ± c and simple oligo(phenylenevinylene) 6 and oligothio-
phene 7 were studied in solution in chloroform (4.8� 10�7�)
by UV/Vis absorption spectroscopy (Figure 4) and emission
spectroscopy (Figure 4). Broad and featureless absorption
bands were observed in all the spectra and could be ascribed
to the � ±�* transition of the conjugated backbones. The
absorption maxima of compounds 6 and 7 appear at 394 and
418 nm, respectively. After the oligo(phenylenevinylene) and
oligothiophene were coupled, an electronic transition appears
at 426 nm for copolymer 5a due to the increase in conjugation
length. No red shift was observed after a further increase in
phenylenevinylene units in copolymer 5b and 5c, which
indicated saturation of the electron delocalization. Photo-
emission of compound 6 excited at 400 nm produces a typical
spectrum of alkyl-substituted oligo(phenylenevinylene) in
solution: a strong fluorescence at 460 nm with two small
shoulders at about 489 and 530 nm derived from low-energy
vibronic side bands with a quantum efficiency of 79.9%.
Compound 7 gives a weak and featureless emission band with
an emission maximum at 564 nm with a quantum efficiency of
14.2%. Copolymers 5a, 5b, and 5c give rise to almost exactly
the same emission spectra as compound 7 with a quantum
efficiency of 14.6, 14.5, and 14.8%, respectively. Emission
from the phenylenevinylene units was completely quenched,
implying a complete intramolecular energy transfer from the
oligo(phenylenevinylene) block to the oligothiophene block.
Similar behavior was observed for the other two copolymers.
Figure 5 shows the combination of excitation and absorption
spectra of copolymer 5a plus the absorption spectra of
compound 6. When the emission wavelength was chosen to
be the maximum emission of copolymer 5a (540 nm), we see a
complete overlap of peaks of the absorption spectrum of 5a


Table 1. Structural parameters for the diblock copolymers 5a, 5b, and 5c.


Copolymers 5a 5b 5c


calculated molecular length [nm][a] 6.8 8.1 9.4
measured layer spacing [nm][b] 6.0 10.0 11.5


[a] Results estimated from Chem-3D calculation. [b] SAXS results.
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Scheme 2. a) Schematic representation of the packing
structure of copolymer 5a ; b) schematic representation of
the packing structure of copolymers 5b and 5c.
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with its excitation spectrum. When the emission wavelength
was chosen to be the maximum emission of compound 6
(480 nm), we see a complete overlap of the absorption
spectrum of 6 with the excitation spectrum of 5a.


Figure 4. Fluorescence spectra of compounds 6, 7, and copolymer 5a in
chloroform (excited at 400 nm). The inset shows the UV/Vis absorption
spectra of compounds 6, 7, and copolymer 5a in chloroform.


Figure 5. Absorption spectra (copolymer 5a and compound 6) and
excitation spectra of copolymer 5a at two different emission wavelengths.


Time-resolved photoluminescence studies were carried out
for copolymer 5a (Figure 6), compound 6, and 7. Figure 6
shows a typical result for 5a and 7. The fluorescence lifetime


Figure 6. Time-resolved photoluminescence spectra of copolymers
5a, 6, and 7.


was obtained by fitting to a single exponential decay equation:
482 ps for copolymer 5a and 326 ps for compound 7 (excita-
tion at 390 nm detection at 550 nm). Similar measurements
with compound 6 (the excitation at 390 nm and the emission
at 480 nm) gave a lifetime of 582 ps. The fluorescence lifetime
of the diblock copolymer 5a is shorter than that of 6 and
longer than that of corresponding 7. The result is consistent
with the structural features of diblock copolymers and their
associated energy-transfer process. Further studies of ultra-
fast fluorescence anisotropy revealed a fast decay component
(100 fs), which can be attributed to the energy-transfer
process.[13]


Conclusion


In summary, we have synthesized a new class of diblock
copolymers, rod ± rod conjugated diblock copolymers. Inter-
esting intramolecular energy transfer was observed in these


Table 2. Crystal and structure refinement for compound 6.[a, b]


empirical formula C32H41


Mw 851.30
T [K] 100
� [ä] 0.71073
crystal system triclinic
space group P1≈


unit cell dimensions
a [ä] 4.8632(10)
� [�] 101.86(3)
b [ä] 12.149(2)
� [�] 91.40(3)
c [ä] 22.149(4)
� [�] 91.96(3)
V [ä3] 1279.3(4)
Z 2
�calcd [mgm�3] 1.105
� [mm�1] 0.062
F(000) 466
crystal size [mm], color, habit 0.40� 0.12� 0.04, yellow, long plate
� range [�] 1.71 ± 25.03
index ranges � 5� h� 5, �14� k� 10, �25� l� 26
reflections collected 6502
independent reflections 4451 (Rint� 0.0273)
absorption correction SADABS based on redundant diffractions
max. and min. transmission 1.0, 0.831
refinement method full-matrix least squares on F 2


weighting scheme w� q[	2(F 2
o�� (aP)2� bP]�1


where: P� (F 2
o � 2F 2


c �/3, a� 0.052, b� 3.963, q� 1
data/restraints/parameters 4451/0/292
goodness-of-fit on F 2 1.229
final R indices [I� 2	(I)] R1� 0.1231, wR2� 0.2448
R indices (all data) R1� 0.1338, wR2� 0.2501
largest diff. peak hole [eä�3] 0.328, �0.256


[a] Equations of interest: Rint�� �F 2
o �	F 2


o 
 � /� �F 2
o �


R1�� �Fo ���Fc � /� �Fo �
wR2� [�[w(F 2


o �F 2
c �2]/�[w(F 2


o�2]]1/2
GooF�S� [�[w(F 2


o �F 2
c �2]/(n�p)1/2


where: w� q/	2 (F 2
o �� (aP)2�bP ; n� number of independent reflections; q, a, b, P


as defined in [b]; p� number of parameters refined. [b] All software and sources of
scattering factors are contained in the SHELXTL (version 5.1) program library (G.
Sheldrick, Bruker Analytical X-ray Systems, Madison, WI).
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diblock copolymers, and their remarkable self-assembling
ability was revealed. These conjugated diblock copolymers
are new architectures of electroactive polymers. A great
opportunity exists for exploring their electronic and structural
properties. Because of the existence of various types of
conjugated polymers, it is possible to synthesize diblock
copolymers of various combinations of conjugated blocks to
give different amphiphilic and electronic properties. These
materials will be interesting for studies of photovoltaic effects
and molecular electronic components.


Experimental Section


General methods : 1H and 13C NMR spectra were recorded in CDCl3 on a
BrukerAM400 or 500 spectrometer. A ShimadzuDSC-60 differential
scanning calorimeter was used to determine the thermal transitions at a
heating rate of 10 �Cmin�1. The results were reported as the maxima and
minima of their endothermic or exothermic peaks. A Nikon Optiphoto-2
optical polarized microscope (magnification: �400) equipped with a
Creative devices 50 ± 600 high-temperature stage was used to observe the
thermal transitions and to analyze the anisotropic texture. Molecular
weight distributions were determined by gel permeation chromatography
(GPC) with a Waters Associates liquid chromatograph equipped with a
Waters510 HPLC pump, Waters410 differential refractometer, and Wa-
ters486 tunable absorbance detector; THF was used as the solvent, and
polystyrene as the standard. Elemental analyses were performed by
Atlantic Microlab, Inc. MALDI spectra were performed by the University
of Illinois at Urbana-Champaign (School of Chemical Sciences, Mass
Spectrometry Laboratory). UV/Vis spectra were recorded on a Shimad-
zuUV-2401PC Recording Spectrophotometer. Emission spectra were
recorded on a ShimadzuRF-5301PC Spectrofluorophotometer. The photo-
luminescence quantum efficiencies were calculated following the proce-
dure in the literature.[9] The compound 9,10-diphenylanthracene was used
as the reference.


General materials : 1,4-Dichlorobenzene, 1-bromohexane, methyl 4-methyl
benzoate, triethyl phosphite, N-bromosuccinimide, 4-methylbenzyl bro-
mide, and the other conventional reagents were used as received.
Divinylbenzene was purified according to literature procedure.[8] Tetrahy-
drofuran was dried by distillation from sodium metal. Ethylene glycol
dimethyl ether andN,N-dimethylformamide were dried by distillation from
calcium hydride.


Transmission electron microscopy : As-cast films were prepared by placing
a drop of the copolymer solution (0.5 mgml�1) onto carbon-coated TEM
grids. The grids were dried in a solvent atmosphere. The specimen was then
examined in a PhilipsCM120 electron microscope operated at 120 KV.


Small-angle X-ray scattering (SAXS): The synchrotron small-angle X-ray
scattering (SAXS) experiment was performed at 15-ID-D beamline of
ChemMatCARS at the Advanced Photon Source (APS, Argonne National
Labs). The incident X-ray beam produced by a undulator was monochro-
mated and tuned to the energy of 12.398 keV (corresponding to a
wavelength of 1.0 ä), using a water-cooled double diamond C(111) crystal,
and collimated to 100 �m (500 �m) by a Ta pin-hole. The samples were
sandwiched between two Kapton films, then sealed in a furnace. The
furnace could heat the sample up to 150 �C. A high-resolution SAXS
camera with an image plate was used to collect the scattering images. The
distance from the sample to the imaging plate was 1710 mm. The collected
two-dimensional images were converted to one-dimensional patterns by a
homemade IDL program.


Wide-angle X-ray diffraction (WAXD): The wide-angle X-ray diffraction
experiment was performed on a powder diffractometer, which consisted of
a Rikagu generator, a Philips wide-angle goniometer, and a digital
recording apparatus for X-ray intensities. The generator was generally
operated at 40 kVand 20 mAwith a Cu tube as the X-ray source. The wide-
angle goniometer used a flat-plate sample, and had a graphite monochro-
mator in the receiving position and a scintillation counter for detection.
Data collection could range from 2-theta of 4 degrees to about 135 degrees.
The goniometer was driven by a stepping motor allowing a minimum step


size of 0.002 degrees (2-theta) and any count time at each step. Under
computer control any portion of the diffracted spectrum could be recorded
for later plotting.


Crystallographic experimental section


Data collection : An irregular broken fragment (0.40� 0.12� 0.04 mm) was
selected under a stereo-microscope while immersed in Fluorolube oil to
avoid possible reaction with air. The crystal was removed from the oil by
using a tapered glass fiber that also served to hold the crystal for data
collection. The crystal was mounted and centered on a Bruker SMART
APEX system at 100 K. Rotation and still images showed the diffractions
to be sharp. Frames separated in reciprocal space were obtained and
provided an orientation matrix and initial cell parameters. Final cell
parameters were obtained from the full data set.


A ™hemisphere∫ data set was obtained, which sampled approximately
1.2 hemispheres of reciprocal space to a resolution of 0.84 ä by using 0.3�
steps in
with 100-second integration times for each frame. Data collection
was made at 100 K. Integration of intensities and refinement of cell
parameters were done using SAINT [1]. Absorption corrections were
applied using SADABS [1] based on redundant diffractions.


Structure solution and refinement : The space group was determined as P1≈


based on systematic absences and intensity statistics. Direct methods were
used to locate most C atoms from the E-map. Repeated difference Fourier
maps allowed recognition of all expected C atoms. Following anisotropic
refinement of C atoms, H atom positions were calculated. Final refinement
was anisotropic for C atoms and isotropic for H atoms. No anomalous bond
lengths or thermal parameters were noted. All ORTEP diagrams have been
drawn with 50% probability ellipsoids.


Synthesis : A general synthetic procedure is outlined in Scheme 1. The
synthesis of compounds 1, 2, and 4 has been described previously.[7, 10, 11]


Compound 3 : Compound 1b (1.314 g, 0.76 mmol) and compound 2 (0.57 g,
0.99 mmol) were dissolved in anhydrous 1,2-dimethoxyethane (20 mL), and
then NaH (1.5 equiv) was added. The resulting solution was stirred under
reflux for 2 hours, then cooled to 0 �C, and poured into water (100 mL). A
small amount of acetic acid was added to neutralize the excess amount of
base. The solution was extracted with chloroform three times, and then the
combined organic layer was dried over Na2SO4. The solvent was removed
by rotary evaporation, and the residue was purified by flash chromatog-
raphy (silica gel (300 mesh), hexane/ethyl acetate (50:1)) to give the pure
product (84% yield).
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 8.04 (d, J� 8.4 Hz, 2H), 7.65
(d, J� 8.4 Hz, 2H), 7.48 (dd, J1� 11.9 Hz, J2� 8.1 Hz, 4H), 7.43 (s, 1H), 7.34
(s, 1H), 7.27 (d, J� 16.0 Hz, 2H), 7.23 (s, 1H), 6.98 (d, J� 16.1 Hz, 1H), 6.97
(s, 1H), 6.94 (s, 5H), 6.89 (s, 1H), 6.86 (d, J� 15.9 Hz, 1H), 3.93 (s, 3H),
2.71 (m, 11H), 2.62 (d, J� 7.0 Hz, 1H), 1.75 (m, 8H), 1.63 (m, 4H), 1.31 (m,
76H), 0.89 (m, 54H); 13C NMR (500 MHz, CDCl3, 25 �C, TMS): �� 10.71,
10.93, 14.02, 14.06, 14.11, 22.54, 22.58, 23.01, 23.06, 25.73, 28.69, 28.73, 28.90,
29.11, 30.08, 31.59, 31.63, 32.58, 32.66, 33.57, 35.87, 40.09, 40.15, 41.03, 52.04,
120.00, 123.35, 124.98, 125.15, 126.45, 126.84, 127.06, 128.04, 128.57, 128.96,
129.43, 129.50, 129.65, 129.74, 130.20, 131.00, 131.14, 131.37, 132.30, 133.22,
133.37, 133.50, 133.54, 134.96, 136.56, 136.80, 138.26, 138.99, 139.60, 139.93,
141.02, 166.65; MS: m/z : 2141.71 [M�]; elemental analysis calcd (%) for
C132H187BrO2S8 (2142.2): C 74.00, H 8.80, Br 3.73, S 11.97; found: C 74.14, H
8.91, Br 3.62, S 11.89.


Compound 5a (n� 2): Compound 3 (389 mg, 0.18 mmol), tri-o-tolylphos-
phine (10.9 mg, 0.036 mmol), NBu3 (0.036 mL, 0.2 mmol), [Pd(OAc)2]
(2.0 mg, 0.009 mmol), and compound 4a (97.4 mg, 0.20 mmol) were dis-
solved in anhydrous DMF (N,N-dimethylformamide, 5 mL). The mixture
was stirred at 110 �C for 24 hours and then cooled to room temperature, and
poured into methanol (50 mL). The precipitate was collected by suction
filtration and washed with excess methanol. The product was purified by
column chromatography using a mixture of ethyl acetate and hexane as the
eluent to give pure 5a as a dark red solid (56% yield).
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 8.04 (d, J� 8.6 Hz, 2H), 7.65
(d, J� 8.6 Hz, 2H), 7.54 (s, 4H), 7.51 ± 7.42 (m, 1H), 7.39 (d, J� 16.2 Hz,
3H), 7.31 (d, J� 16.0 Hz, 2H), 7.23 (s, 1H), 7.19 (d, J� 8.1 Hz, 2H), 7.06 (d,
J� 16.1 Hz, 1H), 7.04 (d, J� 16.1 Hz, 2H), 7.02 (d, J� 16.2 Hz, 1H), 6.98 (s,
1H), 6.95 (s, 5H), 6.90 (s, 1H), 6.87 (d, J� 15.9 Hz, 1H), 3.93 (s, 3H), 2.74
(m, 22H), 2.63 (d, J� 6.6 Hz, 2H), 2.38 (s, 3H), 1.70 (m, 16H), 1.34 (m,
88H), 0.90 (m, 60H); 13C NMR (500 MHz, CDCl3, 25 �C, TMS): �� 10.74,
10.96, 14.10, 14.14, 21.21, 22.64, 23.05, 23.09, 25.71, 25.76, 28.71, 28.75, 28.93,
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29.34, 29.67, 31.34, 31.41, 31.71, 32.60, 33.29, 33.60, 33.71, 40.11, 40.18, 41.06,
52.05, 119.88, 125.00, 125.77, 125.86, 126.37, 126.47, 126.54, 126.59, 126.80,
126.92, 128.07, 128.58, 128.75, 128.89, 128.98, 129.27, 129.36, 129.46, 129.53,
129.76, 130.22, 131.04, 131.07, 131.17, 131.39, 131.46, 132.32, 133.17, 133.42,
133.52, 133.56, 134.70, 134.94, 135.05, 135.16, 136.65, 136.93, 136.97, 137.04,
137.13, 137.31, 138.27, 138.41, 138.51, 138.56, 139.01, 139.94, 139.98, 140.97,
166.67; MS: m/z : 2551.57 [M�]; elemental analysis calcd (%) for
C169H232O2S8 (2552.2): C 79.53, H 9.16, S 10.05; found: C 79.34, H 9.10, S
9.94.


Compound 5b (n� 3): Refer to the experimental procedure of compound
5a (55% yield).
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 8.05 (d, J� 8.5 Hz, 2H), 7.65
(d, J� 8.5 Hz, 2H), 7.54 (m, 8H), 7.51 ± 7.42 (m, 12H), 7.41 ± 7.37 (m, 5H),
7.31 (d, J� 16.0 Hz, 2H), 7.23 (s, 1H), 7.19 (d, J� 8.2 Hz, 2H), 7.06 (d, J�
16.2 Hz, 3H), 7.05 (d, J� 16.0 Hz, 2H), 7.02 (d, J� 16.4 Hz, 1H), 6.98 (s,
1H), 6.95 (s, 5H), 6.90 (s, 1H), 6.87 (d, J� 15.9 Hz, 1H), 3.93 (s, 3H), 2.75
(m, 26H), 2.64 (d, J� 6.4 Hz, 2H), 2.38 (s, 3H), 1.70 (m, 20H), 1.37 ± 1.29
(m, 100H), 0.90 (m, 66H); 13C NMR (500 MHz, CDCl3, 25 �C, TMS): ��
10.73, 10.94, 14.08, 14.12, 14.30, 22.62, 23.03, 23.07, 25.69, 25.74, 28.69, 28.74,
28.92, 29.32, 29.65, 31.32, 31.39, 31.69, 32.54, 32.58, 33.28, 33.58, 33.66, 33.69,
40.10, 40.16, 52.05, 119.88, 124.96, 125.01, 125.80, 125.86, 126.36, 126.46,
126.53, 126.59, 126.79, 126.90, 127.50, 128.01, 128.06, 128.58, 128.75, 128.88,
128.97, 129.26, 129.35, 129.44, 129.52, 129.74, 130.17, 130.21, 131.02, 131.05,
131.15, 131.36, 131.43, 132.24, 132.30, 133.16, 133.40, 133.55, 134.69, 134.93,
135.04, 135.16, 136.64, 136.91, 137.06, 137.31, 138.16, 138.27, 138.40, 138.51,
138.56, 139.00, 139.94, 140.05, 140.96, 166.66; MS: m/z : 2923.99 [M�];
elemental analysis calcd (%) for C197H266O2S8 (2922.8): C 80.95, H 9.26, S
8.73; found: C 80.76, H 9.33, S 8.47.


Compound 5c (n� 4): Refer to the experimental procedure of compound
5a (60% yield).
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 8.03 (d, J� 8.3 Hz, 2H), 7.64
(d, J� 8.3 Hz, 2H), 7.53 ± 7.36 (m, 33H), 7.30 (d, J� 16.0 Hz, 2H), 7.22 (s,
1H), 7.17 (d, J� 8.2 Hz, 2H), 7.07 ± 6.98 (m, 8H), 6.97 (s, 1H), 6.94 (s, 5H),
6.89 (s, 1H), 6.86 (d, J� 15.9 Hz, 1H), 3.92 (s, 3H), 2.74 (m, 32H), 2.63 (d,
J� 6.5 Hz, 2H), 2.36 (s, 3H), 1.65 (m, 24H), 1.53 ± 1.29 (m, 112H), 0.90 (m,
72H); 13C NMR (500 MHz, CDCl3, 25 �C, TMS): �� 10.73, 10.95, 14.09,
14.13, 14.30, 21.21, 22.63, 23.04, 23.08, 25.75, 28.69, 28.74, 28.92, 29.33, 29.65,
31.33, 31.40, 31.70, 32.59, 33.29, 33.58, 33.66, 33.70, 40.17, 41.04, 52.06,
119.88, 124.96, 125.00, 125.79, 125.85, 126.36, 126.47, 126.53, 126.59, 126.80,
128.02, 128.74, 128.88, 129.26, 129.35, 129.44, 129.52, 129.74, 130.17, 130.21,
131.03, 131.15, 131.37, 131.43, 132.25, 133.16, 133.41, 133.51, 134.69, 134.93,
135.04, 135.15, 136.63, 136.92, 137.08, 137.31, 138.41, 138.51, 138.56, 139.01,
139.94, 140.05, 140.96, 166.22; MS: m/z : 3299.55 [M�]; elemental analysis
calcd (%) for C225H304O2S8 (3297.4): C 82.00, H 9.29, S 7.78; found: C 81.78,
H 9.21, S 7.49.
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Abstract: Ab initio calculations at the
Hartree ± Fock level with full-geometry
optimization using the 6-31G(d) basis
set, and GIAO (gauge including atomic
orbitals) 13C NMR chemical shifts, are
presented here as a support in the study
of the stereochemistry of low-polar
organic compounds having an open-
chain structure. Four linear stereoisom-
ers, fragments of a natural product
previously characterized by experimen-
tal 13C NMR spectra, which possesses
three stereogenic centers, 11 carbon
atoms, and 38 atoms in total, were


considered. Conformational searches,
by empirical force-field molecular dy-
namics, pointed out the existence of 8 ±
13 relevant conformers per stereoisom-
er. Thermochemical calculations at the
ab initio level in the harmonic approx-
imation of the vibrational modes, al-
lowed the evaluation, at 298.15 K, of the


standard Gibbs free energy of the con-
formers. The 13C NMR chemical shift of
a given carbon atom in each stereo-
isomer was considered as the average
chemical shift value of the same atom in
the different conformers. The averages
were obtained by the Boltzmann distri-
bution, using the relative standard free
energies as weighting factors. Computed
parameters related to linear correlation
plots of experimental 13C chemical shifts
versus the corresponding computed
average data allowed us to distinguish
among the four stereoisomers.


Keywords: ab initio calculations ¥
configuration determination ¥
GIAO method ¥ natural products ¥
NMR spectroscopy


Introduction


In the preceeding paper[1] we have shown that Hartree ± Fock
(HF) calculations of NMR 13C chemical shift (CS) of low-
polar compounds can provide valid support in interpreting
experimental 13C NMR data of unknown species, and hence in
resolving structural controversies.


NMR spectroscopy has been efficiently employed in the
analysis of the relative stereochemistry of rigid[2, 3] and flexible
organic compounds.[4] Recently, our research group has been


involved in the assignment, by NMR spectroscopy, of the
absolute and relative configuration of flexible systems, such as
polysubstituted open chains and/or macrocyclic com-
pounds.[5, 6] Empirical methods can be efficiently applied to
determine the configuration of organic molecules, provided
that a large set of experimental data is available.[5, 6] These are
essentially based on the analysis of the NMR heteronuclear
and homonuclear coupling constants, and of the distances
between the NMR nuclei,[2±4] and permit confident predic-
tions in the presence of a limited number of stereotopic
centers. On the other hand, the increasing calculation power
and low cost of modern computers suggest, as complementary
and supporting approaches for conformation and configura-
tion analysis, the use of quantum-chemical methods. Indeed,
the determination of the absolute configuration of a flexible
organic compound, containing one stereogenic center, was
recently afforded by a successful combination of calculated
and experimental optical rotatory dispersion (ORD) spec-
tra.[7]


Following the encouraging results obtained in the preceding
paper concerning the validation of NMR structures by ab
initio calculation of NMR 13C chemical shift (CS) values,[1] we
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have considered here the possibility of applying such a
method to the determination or validation of the relative
stereochemistry of flexible organic compounds. This task, to
our knowledge, has been dealt with only by calculating the
13C NMR spectra of compounds where the preponderance of
a preferential conformation was out of the question,[8±10] for
example, molecules with a relatively rigid skeleton.


To get accurate results, the determination of 13C chemical
shift values and the geometry optimization of a given
structure should be performed at the same level of calcula-
tion.[1] For flexible systems, further difficulties arise from the
coexistence of conformational states in dynamic equilibrium,
especially in solution and at room temperature. In fact, the
energy differences among the conformers can usually be
overcome by the thermal energy contributions, and conse-
quently the NMR signals are influenced by the particular
energy population distribution. Hence reliable calculations of
NMR parameters should consider all conformers present in
significant proportion at the NMR-recording temperature.
This consideration is even more important when the right
relative stereochemistry has to be attributed to flexible open-
chain natural products possessing stereogenic centers.


To estimate such contributions, we suggest that the 13C
chemical shift of each carbon atom, for a given stereoisomer,
has to be expressed as the Boltzmann average of the 13C
chemical shift values of its conformers, the ab initio standard
free energies being the weighting factors. In fact, such
standard free energy of each conformer, calculated at the
temperature of the experiment, should give a reliable estimate
of the energy distribution among the conformational states.


Of course, the number of possible conformations in a
molecular system increases with its size. In the present case of
an open-chain saturated organic compound, the maximum
number of conformers should in principle be given by 3N,
where N is the number of torsional angles and 3 is the number
of different orientations assumed by the three bonds con-
stituting the torsional angle. The enormous number of con-
formers to be considered, hence the number of calculations to
be performed for a medium-sized flexible organic compound,
would then make such an approach impractical for a routine
application. This apparently-insurmountable computational
problem nowadays can be easily overcome by performing the
ab initio geometry optimization on only those energy-mini-
mum structures resulting from a previous molecular dynamics
conformational search. In fact, the empirical molecular
mechanics algorithms have the advantage of being very fast
and accurate enough to act as a filter for the majority of
conformational states whose energy is significantly higher
than that of the lowest energy minimum found. Moreover, the
use of such methods helps to avoid subjective interferences
and possible oversights in the conformational search per-
formed ™by hand∫. As it will be shown, this is a good choice,
because the contribution of a given conformer to the
Boltzmann-averaged NMR 13C chemical shift decreases
exponentially with the energy difference between the given
conformer and the most stable species.


Boltzmann-average ORD spectra calculated for a set of
conformers, whose geometry was determined by minimization
algorithms based on empirical potentials, promisingly repro-


duced the experimental ORD spectra of flexible organic
compounds.[7]


We applied this method to the analysis and determination
of the relative configuration of the four linear stereoisomers
shown in Scheme 1, previously characterized by experimental
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Scheme 1. Structure of the four stereoisomers A ±D.


13C NMR spectra recorded, inter alia, in deuterated chloro-
form.[11] The ab initio GIAO (gauge including atomic orbitals)
13C NMR chemical shift values were calculated on the in
vacuo conformers, considering that for low-polar organic
compounds the effects of the chloroform solvent should not
significantly affect the 13C chemical shift values.[1] A compar-
ison of the Boltzmann-averaged 13C chemical shift values with
available experimental data, relative to that of compounds of
known structures, allowed us to discriminate among the
diastereoisomers.


Results and Discussion


In the present study we have chosen the low-polar compounds
A ±D, reported in Scheme 1.[11] They constitute 38 atoms,
including 11 carbon atoms, three of which are stereogenic
centers. These open-chain compounds are part of a NMR
database. The 13C NMR spectra of species A ±D were
recently compared to those of a fragment of oasomycin,[12]


to determine its absolute configuration.[11] The choice of this
class of compounds was mainly made by the availability of
NMR spectra recorded in deuterated chloroform.[1] The
related experimental 13C chemical shift values were observed
within the range �� 0 ± 70 ppm, the region of the aliphatic
carbon signals, where the HF-calculated 13C chemical shift
values followed the best linear trend with the experimental
data.[1]


Each of the four stereoisomers A ±D presents eight C�C
and three C�O torsional angles. This would lead to a huge
number, 311� 177147, of possible conformers per stereoisom-
er. However, it is reasonable to assume that the biggest
discrepancies in the observed NMR 13C chemical shift among
the four stereoisomers should mainly be due to the different
disposition of atoms around the stereogenic centers C-5, C-6,
and C-7 (Scheme 1). By further considering the two alkyl
groups bound to C-5 and C-7 with completely staggered fixed
conformation and neglecting the orientations of the OH
groups, the maximum number of relevant conformers per
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stereoisomer should be 34� 81, where the four torsional
angles are defined by the atoms C-4, C-5, C-6, C-7, and C-8
(Scheme 1). On the other hand, by imposing such constraints,
the relevant energy minima selected by the molecular
dynamics conformational search, and successively optimized
at the ab initio level, were just 8 ± 13.


In the lowest energy conformers relative to the stereo-
isomers A ±D, A1 ±D1 in Scheme 2, the intramolecular
hydrogen bond involving the two hydroxy groups on C-5


and C-7 provided a strong conformational stabilization. In
fact, the most stable structures always presented this feature,
whose stabilizing contribution was apparently more effective
than the one related to the occurrence of the fully staggered
conformation (present in A1 and D1 conformers, see
Scheme 2). The standard free energy values of the most
stable conformers for each stereoisomer are reported in
Table 1, while the 13C chemical shift values calculated for all
the species investigated, and their Boltzmann-average values
relative to the stereoisomers A ±D, are shown in Tables 2 ± 5.


As an example, we can evaluate the effect of the conformer
energy on the Boltzmann weighting factors for stereoisomer
A. The free energy of conformer A2 is about 0.4 kJmol�1


higher than that of A1. For this small energy difference, the
contribution to the Boltzmann-average value of the chemical
shift, was about 52 and 44% for conformers A1 and A2,
respectively. Approximately 2.5% was the weight of the
isomer A3 and the higher energy conformers A4 ±A8
contributed the remaining 1.5%. Therefore, looking at


Table 1, it is observed that at
room temperature, conforma-
tional species destabilized by
about 10 kJmol�1 with respect
to the most stable conformer,
have weights of about 1% in
the average chemical shift val-
ue. Hence, the higher energy
conformers should play a negli-
gible role in reproducing the
NMR spectra of A. Similar re-
marks can be made for stereo-
isomers B ±D.


The correlation plots of the
experimental versus the corre-
sponding Boltzmann-averaged
GIAO calculated 13C chemical
shift are shown in Figure 1. The
associated least-squares linear
fit parameters, (intercept, slope
and correlation coefficient) are
reported in Tables 6, 7, and 8.


The correlation plots are relative to 13C chemical shift data
in the high-field region of the NMR spectrum. In this region, a
higher linear correlation coefficient was observed at HF level,
compared to the average value relative to the full 13C NMR
range.[1] Analysis of Tables 6 ± 8 confirms these considerations.


Table 8 shows the linear correlation coefficients obtained
from the least-squares fit of the plots in Figure 1. It can be
seen that the calculated 13C chemical shift values of stereo-
isomersA andD fit the experimental data very well, following
the highest diagonal values of linear correlation coefficient.
Conversely, stereoisomers B and C are, as Table 8 shows, less
unequivocally determined by considering least-squares linear
correlation coefficients. A further comment concerns the
structure assignment based on correlation coefficients differ-
ing in the third decimal digit. For instance, it has been shown[1]


that any alternative to the correct structure usually shows a
large set of reasonable chemical shift assignments, producing
small differences in the linear correlation with the available
experimental data. Hence, the difference between a wrong
and the right structure is restricted to just few atom positions
in the molecule.[1] In cases of stereoisomerism of open-chain
flexible compounds, the problem becomes even more com-
plex because the structural differences are restricted to the
combination of stereogenic centers, undergoing fast intercon-
version among the available conformational states. In this
context, the present study actually represents a good bench-
mark to verify the performance of ab initio methods in
reproducing experimental 13C NMR chemical shift data.


Scheme 2. Optimized geometry of the most stable conformers, A1 ±D1, of the four stereoisomers A ±D.


Table 1. Relative Gibbs standard free energy values (�G� [kJmol�1])
calculated for the conformers of stereoisomers A ±D shown in Scheme 1.


A B C D


1[a] 0 0 0 0
2 0.3833 3.2556 5.9126 1.0554
3 7.0521 4.29532 7.5903 2.7594
4 13.2299 5.8207 8.6116 4.0301
5 14.5768 7.7898 8.8348 5.8549
6 15.5640 9.1577 9.0816 6.0334
7 17.9480 9.6933 10.4364 7.2175
8 19.7044 12.9516 11.9591 13.3113
9 ± ± 15.5403 14.4639
10 ± ± 16.9896 16.6430
11 ± ± 19.9013 ±
12 ± ± 23.2488 ±
13 ± ± 24.4880 ±


[a] The free energy values of the most stable conformers of theA, B, C, and
D isomers shown in Scheme 2, were, �654.76430, �654.76408,
�654.76405, and �654.76139 a.u., respectively.
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It is important to point out
that, besides the theoretical
approach proposed here, a
careful analysis focusing on
the NMR values observed in
the so-called topic centers, must
always be carried out. In fact, as
a comparison, Table 9 reports
the matrix of the linear corre-
lation coefficients obtained
from the experimental 13C
chemical shift values.[11] It may
be seen that the linear correla-
tion coefficients relative to the
plots of chemical shift values of
the conformers also differ in the
third digit from 1.000.


To rule out this inconven-
ience, and hence get more reli-
able structure assignments, in
the preceding paper[1] we have
employed a parameter (��)
defined as the difference be-
tween the scaled-calculated and
the experimental 13C chemical
shift values.[1] Using ��, it is
possible to determine the de-
parture of fit for any single 13C
chemical shift for the different
trial structures considered.


In Table 10 we report the
sum of ��� � , the absolute value
of ��, for A, B, C, and D.
Conversely, Table 11 shows the
sum of ��� � relative to the
experimental 13C chemical shift
data[11] of the four stereoisom-
ers. By comparing Tables 10
and 11 we observe that the
values obtained from incorrect
assignments have the same or-
der of magnitude both in theo-
retical-experimental as well as
in experimental ± experimental
correlation plots. Moreover, the
theoretical ± experimental dia-
grams point out the correct
assignments, including B and C
stereoisomers. It has to be
stressed that in increasing the
level of the calculation, and
hence the computational-time
expense, the difference be-
tween the values reported in
Tables 10 and 11 should be
reduced.[1]


These results allow us to
conclude that the present com-
putational method can provide


Table 2. StereoisomerA : values of GIAO chemical shift [ppm] relative to TMS for the conformers 1 ± 8 and their
Boltzmann average.


13C atom A1 A2 A3 A4 A5 A6 A7 A8 Average


1 57.1 56.8 56.3 56.9 56.1 56.9 56.8 56.8 57.0
2 29.9 29.6 31.0 29.7 32.2 29.7 32.7 32.7 29.8
3 21.8 21.6 20.8 21.8 22.4 21.8 19.8 19.2 21.7
4 33.7 34.6 33.2 34.5 34.8 34.1 33.3 34.4 34.1
5 67.7 69.8 68.8 62.4 62.9 61.9 61.3 61.8 68.6
6 39.2 39.3 35.2 42.9 41.4 38.0 36.8 33.0 39.1
7 69.8 67.8 67.5 64.9 63.9 65.9 65.4 63.1 68.8
8 35.7 34.8 35.0 33.9 34.3 31.3 33.4 33.5 35.3
9 19.5 19.7 19.7 19.2 19.6 19.8 18.8 14.5 19.6


10 15.2 15.5 15.5 15.4 15.4 15.4 15.5 15.5 15.4
11 6.8 6.7 5.9 10.6 9.9 11.0 10.0 10.3 6.7


Table 3. Stereoisomer B : values of GIAO chemical [ppm] relative to TMS for the conformers 1 ± 8 and their
Boltzmann average.


13C atom B1 B2 B3 B4 B5 B6 B7 B8 Average


1 57.2 56.8 56.0 56.5 56.0 56.8 57.0 57.0 56.9
2 29.9 29.6 32.1 31.1 31.9 32.4 29.8 29.9 30.2
3 21.6 21.6 22.3 22.4 22.3 21.6 21.7 21.7 21.7
4 34.0 34.6 34.7 29.9 28.5 34.6 34.3 34.4 33.8
5 61.1 63.7 63.6 67.8 69.9 62.9 62.0 61.8 62.5
6 38.8 38.3 38.4 38.5 37.3 34.0 40.6 37.1 38.6
7 69.8 67.2 67.3 67.0 62.9 66.6 63.4 61.5 68.6
8 34.7 35.7 35.7 34.7 34.9 34.2 34.3 33.7 34.9
9 19.2 19.9 19.9 18.3 18.6 18.1 18.9 14.0 19.3


10 15.3 15.5 15.5 15.2 15.6 15.6 15.5 15.4 15.4
11 14.8 12.3 12.4 15.8 15.1 12.2 9.8 9.7 14.1


Table 4. Stereoisomer C : values of GIAO chemical shift [ppm] relative to TMS for the conformers 1 ± 13 and
their Boltzmann average.


13C atom C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 Average


1 56.0 56.8 57.2 56.3 57.1 56.8 57.1 57.1 57.1 56.0 57.3 56.6 56.9 56.2
2 31.9 29.6 30.0 31.1 29.8 32.6 27.2 32.7 29.7 29.7 27.3 30.9 29.7 31.5
3 22.1 20.5 20.8 20.4 21.4 15.9 18.9 16.1 21.7 22.0 19.0 23.1 18.3 21.7
4 33.6 33.7 33.8 31.0 33.5 33.5 32.4 31.4 30.4 28.4 28.4 34.2 26.5 33.5
5 69.6 67.0 62.8 69.0 63.6 64.7 62.3 61.8 67.7 62.3 63.6 67.9 58.1 68.8
6 39.0 38.6 37.4 34.5 43.4 34.6 40.5 33.8 40.5 40.6 40.3 38.1 40.4 38.8
7 61.1 67.8 70.0 60.6 61.4 67.4 68.2 69.6 64.8 65.2 64.3 68.3 65.0 62.2
8 35.1 31.1 29.5 34.8 34.7 31.0 30.7 29.5 36.4 32.9 36.4 31.5 32.9 34.4
9 19.5 19.6 19.4 19.6 19.5 19.6 19.7 19.5 19.4 19.2 19.3 20.0 19.1 19.5


10 15.5 15.7 15.3 15.5 15.5 15.6 15.5 15.3 15.3 15.4 15.3 15.5 15.4 15.5
11 14.8 15.8 15.0 12.6 10.9 15.4 15.6 14.8 6.9 11.0 6.7 18.0 10.7 14.7


Table 5. Stereoisomer D : values of GIAO chemical shift [ppm] relative to TMS for the conformers 1 ± 10 and
their Boltzmann average.


13C atom D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 Average


1 56.9 56.0 57.3 56.8 56.8 57.0 56.9 57.8 56.8 55.8 56.9
2 29.6 32.1 29.9 29.6 29.8 29.7 32.7 28.9 32.1 28.0 30.1
3 21.2 21.9 21.2 21.2 22.2 21.2 21.4 23.6 21.0 21.2 21.2
4 35.2 35.4 32.4 34.1 35.3 34.5 29.0 34.1 35.1 27.1 33.5
5 66.3 66.2 64.5 70.1 65.8 64.8 62.2 68.7 69.1 61.5 66.4
6 39.9 40.0 40.1 40.1 43.4 41.8 41.5 37.4 34.9 40.5 40.1
7 67.6 67.6 70.0 64.6 62.1 62.1 64.9 70.4 63.3 65.8 67.4
8 39.0 39.0 35.2 33.5 32.1 30.0 35.6 36.1 31.7 33.7 35.3
9 19.7 19.7 19.0 19.1 19.7 19.2 19.1 19.6 14.4 19.4 19.1


10 15.4 15.4 15.3 15.6 15.4 15.4 15.3 15.2 15.5 15.3 15.4
11 18.8 18.8 14.6 14.6 12.9 11.0 11.0 21.0 18.8 10.9 15.3
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a valid support in the routine
analysis of 13C NMR spectra in
solution to determine the rela-
tive stereochemistry of low-po-
lar open-chain organic com-
pounds.


Conclusion


The ab initio HF method is
proposed here to be a comple-
mentary computational tool in
the determination of the rela-
tive stereochemistry of four
low-polar linear stereoisomeric
fragments of natural products
by analyzing their 13C NMR
spectra. The theoretical 13C
chemical shift values, to be
compared to the corresponding
experimental ones, were deter-


mined by the Boltzmann average of the GIAO 13C chemical
shift values calculated for all the conformers. The weighting
factors in the Boltzmann distribution were the relative values
of the HF free energy of the conformers evaluated at the
temperature of the experiment. The least-squared parameters
of linear correlation plots, of experimental versus theoretical
13C NMR data, allowed the correct structural assignment of
the considered stereoisomers.


Computational Methods


Ab initio calculations were performed on the isomeric compounds, A ±D,
(Scheme 1), at the HF level, with the 6-31G(d) basis set, using the
Gaussian98W package.[13] A preliminary conformational search on each of
the four stereoisomers (Scheme 1) was performed by molecular dynamics,
employing the CVFF force field[14] implemented in the INSIGHT II
package.[15] The vacuum and the chloroform solution phases were


Figure 1. Correlation plots of experimental versus theoretical 13C NMR chemical shift (CS) values for the species
represented in Scheme 1. In any frame A±D, the experimental data[11] of the species A (�), B (�), C (�), and D
(�) are plotted against the corresponding average theoretical data (Tables 2 ± 5) of A ±D, respectively. Solid lines
show the corresponding linear fits.


Table 6. Slopes of least-squares linear fits of the theoretical versus
experimental isomer-shift correlation plots shown in Figure 1.


Acalcd Bcalcd Ccalcd Dcalcd


Aexp 1.166 1.272 1.286 1.251
Bexp 1.077 1.188 1.195 1.167
Cexp 1.072 1.177 1.195 1.161
Dexp 1.101 1.212 1.226 1.196


Table 7. Intercepts of least-squares linear fits of the theoretical versus
experimental isomer-shift correlation plots shown in Figure 1.


Acalcd Bcalcd Ccalcd Dcalcd


Aexp � 3.627 � 7.446 � 8.058 � 7.222
Bexp � 0.253 � 4.220 � 4.580 � 3.995
Cexp � 0.222 � 3.975 � 4.739 � 3.911
Dexp � 0.764 � 4.775 � 5.386 � 4.698


Table 8. Correlation coefficients of least-squares linear fits of the theoret-
ical versus experimental isomer shift correlation plots shown in Figure 1.


Acalcd Bcalcd Ccalcd Dcalcd


Aexp 0.999(4) 0.992(0) 0.991(5) 0.992(3)
Bexp 0.995(5) 0.998(3) 0.993(0) 0.998(2)
Cexp 0.996(0) 0.994(3) 0.998(4) 0.998(0)
Dexp 0.994(0) 0.995(9) 0.996(0) 0.999(3)


Table 9. Correlation coefficients matrix of least-squares linear fits of the
experimental isomer shift data[11].


Aexp Bexp Cexp Dexp


Aexp 1.000 0.995(8) 0.996(1) 0.993(8)
Bexp 0.995(8) 1.000 0.997(5) 0.998(3)
Cexp 0.996(1) 0.997(5) 1.000 0.998(5)
Dexp 0.993(8) 0.998(3) 0.998(5) 1.000


Table 10. Sum of ��� � values of theoretical-experimental11 chemical shifts
relative to the four stereoisomers A ±D. The theoretical chemical shift
data, reported in the last column of Tables 2 ± 5,, were scaled[11] by using the
corresponding slope and intercept values reported in Tables 6 and 7.


Acalcd Bcalcd Ccalcd Dcalcd


Aexp 6.77 17.95 17.29 19.98
Bexp 26.68 10.91 15.89 16.08
Cexp 26.50 18.47 9.93 15.10
Dexp 23.42 12.42 12.68 7.96


Table 11. Sum of ��� � values of experimental-experimental[11] chemical
shifts relative to the four stereoisomers A ±D.


Aexp Bexp Cexp Dexp


Aexp 0.00 16.52 16.95 17.97
Bexp 16.52 0.00 11.43 11.08
Cexp 16.95 11.43 0.00 11.68
Dexp 17.97 11.08 11.68 0.00
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mimicked through the values of the corresponding dielectric constant. This
led to the selection of a larger number of energy minima. The geometry of
the conformers above, as well as that of tetramethylsilane (TMS), was fully
optimized at the ab initio level. Thermochemical calculations, in the
harmonic approximation of the vibration modes, allowed the determina-
tion of the standard Gibbs free energy values, at 298.15 �C, relative to the
minimum energy geometries found. The NMR isotropic magnetic shielding
(IMS) values were calculated by the GIAO method.[16±18] The 13C chemical
shift (CS) values of any carbon atom X in a given conformer i (CSXi) were
obtained by subtracting its calculated 13C IMS (IMSXi) from the average
13C IMS of TMS (IMSTMS� 201.728 ppm): CSXi� IMSTMS� IMSXi . The
theoretical 13C chemical shift values of a given carbon atom X in one
stereoisomer (CSX) were obtained by the Boltzmann distribution function
given in Equation (1), whereN is the number of conformers found, for each


CSX�
�


N
i�1


�
CSXi � exp���G0


i �RT�
�


�
N
i�1


�
exp���G0


i �RT�
� (1)


of the four isomers A ±D, R is the ideal gas constant, T the absolute
temperature and �Go


i the standard free energy value of the ith conformer
relative to the energy of the most stable conformer, 1 in Table 1. The CSXi


and their average CSX values are reported in Tables 2 ± 5. To prevent errors
in the Boltzmann-average value of the chemical shift by overestimating the
contributions of particular conformations, in the ab initio structure
refinement it was always checked that the convergence occurred towards
different energy minima, and redundant minima were discarded. Linear
fittings of correlation plots between experimental and theoretical chemical
shift values were performed to quantify the reliability of the stereochemical
assignments (see Figure 1 and Tables 6 ± 8).
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Crystal Engineering of Organic Clay Mimics from 3,5-Pyrazoledicarboxylic
Acid and Amines


Alicia M. Beatty,* Krista E. Granger, and Amanda E. Simpson[a]


Abstract: The syntheses and crystal
structures of sixteen compounds con-
taining the monoanion of 3,5-pyrazole-
dicarboxylic acid (H2PzDCA) and am-
monium-based counterions are report-
ed. The cations contain short-chain
alkyl, long-chain alkyl, phenyl, and
chloro-, methoxy-, and amine-substitut-
ed aryl groups. Self-complementary
HPzDCA intermolecular hydrogen


bonds create nearly planar sheets, to
which the cations connect through hy-
drogen bonds. Twelve of the structures
exhibit virtually identical hydrogen-
bonded layers, but the distance between


layers varies from 9.33 to 14.10 ä
(�20%), depending on the cation. The
comparison of the sixteen structures
leads to the identification of a building
block (HPzDCA) that creates remark-
ably reproducible, lamellar structures
despite substantial changes in the coun-
terion.


Keywords: carboxylic acid ¥ clays ¥
crystal engineering ¥ hydrogen
bonds ¥ supramolecular chemistry


Introduction


Lamellar materials that mimic the structure and properties of
naturally occurring clays[1] are of considerable interest in
supramolecular chemistry[2] and crystal engineering.[3] Goals
in this research include developing solids that will intercalate
or adsorb small molecules and ions for storage,[4] separations[5]


and catalysis.[6] Clay mimics may also allow solid-state
reactions such as photopolymerizations.[7] As naturally occur-
ring clays are typically composed of metal-oxide layers,
inorganic/organic synthetic clay mimics have been construct-
ed from, for example, metal oxide,[8] metal phosphonates,[9]


and coordination polymers,[10, 11] where inorganic sheets are
interspersed with organic substituents and/or guest molecules.
On the other hand, simple organic components have also been
used to mimic the structure of clays–hydrogen-bonded[12]


ions, such as guanidinium sulfonate[13] and hydrogentrimesate
ammonium,[14] hydrogenmalate ammonium,[15] or oxamate
ammonium[16] have been used to create organic scaffolds.
While these solids are not always as robust as their inorganic
counterparts, hydrogen-bonded lamellar materials may be
strong enough to remain intact during events such as
intercalation.[17]


Charge-assisted hydrogen bonds are strong, directional,
and reliable,[18] and are therefore useful tools for assembling


molecular scaffolding. 3,5-Pyrazoledicarboxylic acid
(H2PzDCA, Scheme 1),[19] which has been used as a ligand
in coordination complexes[20] and coordination polymers,[21] is
a suitable building block for 2D arrays: the monoanion
(HPzDCA) is planar and by itself can interconnect in two
dimensions, in one direction through hydrogen-bonded car-
boxylic acid/carboxylate chains and in a perpendicular
direction through hydrogen bonds involving pyrazole ring
nitrogen atoms. H2PzDCA was allowed to react with a
number of amines (alkyl and aryl, primary and secondary)
to create lamellar solids. The syntheses and X-ray crystallo-
graphic studies of sixteen new compounds are reported herein
(Scheme 1). The reliability of the system was tested by
changing the nature and position of substituents on benzyl-
amine rings (e.g. methyl vs. methoxy vs. chloro) and by
changing the length and width of alkyl substituents (e.g.
isobutyl vs. N-octyl). This allowed an examination of the
effect of weaker forces such as � ±�, chloro ± chloro, and van
der Waals interactions on the overall assembly. Our results
show that HPzDCA is an extraordinarily reliable tool for
building predictable lamellar structures.


Results


Primary amines : With one exception, 2, the reaction of
H2PzDCAwith one equivalent of a primary amine results in a
lamellar motif (Figure 1). The cations reside between the
sheets, and the overall motif is an ABA, or bilayer arrange-
ment (A denotes ionic layers and B represents hydrophobic
regions between layers). Because the structures are so similar


[a] Dr. A. M. Beatty, K. E. Granger, A. E. Simpson
Department of Chemistry and Biochemistry
University of Notre Dame
Notre Dame, IN, 46556-5670 (USA)
Fax: (�1)574-631-6652
E-mail : abeatty@nd.edu


FULL PAPER


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0814-3254 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 143254







3254±3259


Chem. Eur. J. 2002, 8, No. 14 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0814-3255 $ 20.00+.50/0 3255


they will be discussed collectively in terms of anionic and
cationic arrangements.


Inter-anion arrangements : Twelve of the thirteen primary
ammonium±HPzDCA structures (1, 3 ± 13) exhibit a virtually
identical 2D arrangement of the anions: carboxylic acid ±
carboxylate O�H¥¥¥O� hydrogen
bonds (r(O ¥¥¥O�) 2.48 ± 2.52 ä)
connect the monoanions into lin-
ear chains, with all ring nitrogen
atoms on the same side of the
chain. The chains are parallel and
crosslink through N�H ¥¥¥O hy-
drogen bonds (r(N ¥¥¥ O) 2.69 ±
2.76 ä) to form near-planar
sheets (these sheets coincide with
the crystallographic ab plane).
The ammonium group is attached
in a nearly identical fashion in
these twelve structures, where
two ammonium± carboxylate
N��H ¥¥¥O� (r(N� ¥ ¥ ¥ O�) 2.77 ±
2.87 ä, and one ammonium±
pyrazolate N��H ¥¥¥N (r(N� ¥ ¥ ¥
N) 2.92 ± 2.99 ä) hydrogen bond
attach the cation to the anionic
layers (Figure 2).
Compound 2 does not display a lamellar structure: while


the anions form chains through carboxylic acid ± carboxylate
O�H ¥¥¥O� hydrogen bonds (r(O ¥¥¥O�) 2.47 ä), the inter-
chain arrangement is quite different. They are arranged
antiparallel and therefore the observed interchain N�H ¥¥¥O
hydrogen bonds (r(N ¥¥ ¥O) 2.73 and 2.69 ä), result in a 1D
ribbon motif (Figure 3).


Inter-cation arrangements : Of the seven benzylammonium-
based layered structures there are two motifs: 1, 4, and 8
exhibit an interdigitated arrangement of the benzyl substitu-
ents (Figure 4a), and 3 and 5 ± 7 are arranged in a non-
interdigitated fashion (Figure 4b). The difference is mani-
fested by an angle between the aryl ring and the ionic layer of
about 50� for interdigitated and about 25� for noninterdigi-
tated arrangements. The phenyl groups in 9 and 13 and the
alkyl groups in 10 ± 12 are essentially interdigitated as well
(Figure 5). Compound 13, which is based on 3-aminoaniline
and thus contains an additional amine, exhibits N�H ¥¥¥ N
amine ± amine hydrogen-bonding interactions (r(N ¥¥¥ N)
3.27 ä) between the anionic layers.


Secondary amines : Each compound containing a secondary
ammonium ion (14 ± 16) also displays a lamellar structure in
the solid state (Figure 6). The dibenzylammonium complex 14


Scheme 1.


Figure 1. Bilayers in 1, similar ABA pattern found in 3 ± 13. Benzyl groups
separate ionic layers.


Figure 3. Ribbons in 2, the sole nonlamellar structure. Antiparallel
HPzDCA chains prohibit layer formation.


Figure 2. Hydrogen-bonded sheets in 1. a) HPzDCA sheets from hydrogen-bonded carboxylic acid/carboxylate
chains crosslinked by N�H� ¥ ¥ ¥ O hydrogen bonds. b) Ammonium groups included.
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Figure 5. Structures of 10 (left) and 12with the smallest (9.33 ä, isopropyl)
and largest (14.10 ä, octyl) interlayer distances.


Figure 6. AB layered structure of 14, with each planar ionic sheet
separated by benzyl groups.


exhibits an anionic sheet that is similar to that in compounds 1
and 3 ± 13. However, in this case the anion lies on a crystallo-
graphic mirror plane so that the sheets are exactly planar. The
secondary ammonium ion in 14 participates in one N��H ¥¥¥
O� (r(N� ¥ ¥ ¥ O�) 2.95 ä) and one N�H� ¥ ¥ ¥ N hydrogen bond


(r(N� ¥ ¥ ¥ N) 2.76 ä; Figure 7).
The benzyl groups of each cat-
ion lie above and below the
anions, resulting in an AB
structural pattern (Figure 6).
Compounds 15 and 16, which


crystallize from the reaction of
H2PzDCA with dicyclohexyla-
mine and dibutylamine, respec-
tively, are both ethanol solvates,
but their overall motifs are still
lamellar. They exhibit the same
carboxylic acid ± carboxylate
chains as those found in 1 and
3 ± 14, but in these structures
layer formation is mediated by
interchain N�H¥¥¥O�HEtOH ¥¥¥O


hydrogen bonds instead of by direct N�H ¥¥¥O interactions. In
15 the anionic layers are nearly planar, but in 16 the layers are
buckled (Figure 8).


Discussion


This structural study demonstrates that HPzDCA is capable
of generating lamellar structures in a highly reproducible
manner. All sixteen structures have a common structural
subunit (HPzDCA chains) based on charge-assisted carbox-
ylic acid ± carboxylate hydrogen bonds. In fifteen of these
cases, anionic chains are cross-linked into the desired sheets
through the additional hydrogen-bond donor of the pyrazole
group, which is positioned approximately perpendicular to the
direction of chain propagation. The primary ammonium ions
are anchored to the sheets through N�H� ¥ ¥ ¥ O� or N�H� ¥ ¥ ¥ N
hydrogen bonds, giving rise to an ABA motif exclusively.
The lamellar arrangement of these materials does not


change with the nature of the cation, despite potentially


Figure 4. Interdigitation of aryl groups in 4 (a) versus noninterdigitated, parallel arrangement (b) of aryl groups
in 7.


Figure 7. The hydrogen-bonded layer of the secondary ammonium com-
pound 14. HPzDCA arrangement is virtually identical to that of primary
ammonium structures.
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interfering � ±� and hydrophobic interactions. Not even the
NH2 substituent in 13 disrupts the hydrogen-bonded pyrazo-
late layer.
The only structural exception, 2-methoxybenzylammonium


HPzDCA 2, can be rationalized by considering the intra-
molecular hydrogen bond that holds the ammonium group
and the methoxy group in the same plane. The steric demands
of the methoxy group hinder the interaction of the ammonium
moiety with the pyrazolate layer, which prevents layer
formation between HPzDCA chains. Lamellar structures in
3 and 4 suggest that substitution in the 2-position alone or the
presence of a methoxy group by itself does not interfere with
the HPzDCA sheets.
It is surprising that the structures of the primary ammonium


compounds exhibit the ABA motif exclusively. In initiating
this study, it was expected that either the nature or placement
of substituents on the benzylammonium group would influ-
ence an AB or ABA arrangement, as has been observed in
other hydrogen-bonded lamellar systems.[12, 14, 15] In fact, it is
possible that the incorporation of more sterically demanding
substituents on primary amines will result in the formation of
the AB arrangement. The interdigitation that occurs in some
of the benzylammonium structures evidently does not depend
exclusively on the nature of the substituent (e.g. chloro versus
methyl) or on its location on the ring.
Naturally occurring clays tend to adopt two different


structures, either alternating or bilayer arrangements (denot-
ed TO or TOT).[22] Because the addition of primary amines to
H2PzDCA resulted in the consistent formation of the ABA
pattern, it was necessary to develop an alternative strategy for
synthesizing the AB motif. By using secondary amines, it was
possible to mimic this second class of clay structures.
The ABA pattern in the primary ammonium structures can


be compared quantitatively to those in naturally occurring
smectite clays, which have crystallographic dimensions of a�
5.17 ä and b� 9.15 ä, with a variable c parameter.[22] The
lamellar primary amine-based structures reported here have
the following dimensions:


aav� 6.63 ä (variance from 6.54 to 6.71 ä)
bav� 8.91 ä (variance from 8.84 to 9.00 ä)
cav� 11.81 ä (variance from 9.33 to 14.10 ä)


The a and b dimensions vary by only 1% from structure to
structure, but the c dimension varies by�20%. The similarity
in the length of a and b to that of the smectite clays is of course
a coincidence, but the fact that the c parameter can vary so
dramatically indicates that these materials may intercalate a
variety of guests.


Conclusion


The results reported here include all of the crystal structures
that were obtained when a primary amine formed a 1:1 salt
with H2PzDCA. With only one exception this system gen-
erates reproducible lamellar structures, evidence of extra-
ordinary reliability in a structural building block. We have
mimicked the structural aspects of clays–primary ammonium
ions lead to the ABA pattern, while secondary ammonium
ions generate AB patterns in combination with the same
HPzDCA building block. Experiments are currently under-
way in our laboratory to determine whether these materials
can also mimic the physical properties of clays.


Experimental Section


Syntheses : All reagents were obtained from commercial sources and used
without further purification. Reactions were carried out in water and
ethanol or water and methanol by stirring H2PzDCA (0.3 mmol) with an
equimolar amount of the corresponding amine. Colorless single crystals
were obtained by slow evaporation of the solvent at ambient conditions.
Details of melting points, crystal habit, and reaction solvent for 1 ± 16 are
given in Table 1.


X-ray crystallography : Data for compounds 5 and 8were collected by using
a Siemens P4 four-circle diffractometer, 1 ± 4, 6 ± 12, and 14 were collected
and integrated by using a Bruker SMART 1000 system, and data for
structures 13, 15, and 16 were collected and integrated by using a Bruker
Apex instrument. In all cases a crystalline sample was placed in inert oil,
mounted on a glass pin, and transferred to the cold gas stream of the
diffractometer. Data were collected using graphite-monochromated
MoK� (�� 0.71073 ä) radiation. The structures were solved by direct
methods using SHELXS-97 and refined by using SHELXL-97.[23] Non-
hydrogen atoms were found by successive full-matrix least-squares
refinement on F 2 and refined with anisotropic thermal parameters. All of


Figure 8. ABA structure in 15 (a; dicyclohexyl) and 16 (b; dibutyl), with near-planar and buckled HPzDCA ¥EtOH layers, respectively.
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the compounds crystallized with one HPzDCA and one cation in the
asymmetric unit, except 2 and 13 (two of each) and 14 (one-half of
each). Compounds 15 and 16 crystallized with an additional molecule
of ethanol in the asymmetric unit. Compound 8 exhibits a twofold disorder
of the 4-methylbenzyl group (50%/50%), 9 exhibits a twofold rota-
tional disorder of the phenyl ring (58%/42%), and the four tail
carbon atoms of the octyl group in 12 are also twofold disordered
(68%/32%). Unit cell parameters and other relevant crystallographic
information can be found in Table 1. CCDC-177000 ± 177015 (1 ± 16)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; (fax:� 44)1223 ± 336 ± 033; or
e-mail : deposit@ccdc.cam.ac.uk).


To verify that the crystalline samples were representative of the bulk
materials, X-ray powder diffraction patterns were obtained for compounds
1 ± 12 and 14 and compared to the simulated pattern from the single-crystal
data,[24] and polymorphs or solvates were not found in any of the reaction
products. Any impurities were found to be the H2PzDCA hydrate or in one
case a 1:2 acid:base crystalline form was identified by single-crystal X-ray
diffraction.[25]
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Table 1. Data collection and refinement for 1 ± 16.


1 2 3 4 5 6


formula C12H13N3O4 C13H15N3O5 C13H15N3O4 C13H15N3O5 C12H12ClN3O4 C12H12ClN3O4


molecular weight 263.25 293.28 277.28 293.28 297.70 297.70
system triclinic triclinic triclinic triclinic triclinic triclinic
space group P1≈ P1≈ P1≈ P1≈ P1≈ P1≈


a [ä] 6.572(1) 8.9675(8) 6.6558(7) 6.5981(9) 6.644(1) 6.683(1)
b [ä] 9.001(2) 10.8314(9) 8.901(1) 8.955(1) 8.900(1) 8.839(1)
c [ä] 11.179(2) 15.537(1) 12.114(1) 12.544(2) 12.857(2) 12.059(2)
� [�] 94.211(3) 77.041(2) 95.462(3) 96.588(2) 99.36(1) 90.387(3)
� [�] 102.899(3) 73.803(2) 92.030(2) 92.969(3) 97.64(1) 100.52(3)
� [�] 110.565(3) 70.223(2) 111.514(2) 111.444(2) 111.51(1) 111.03(3)
V [ä3] 595.1(2) 1349.5(2) 662.7(1) 681.8(2) 682.3(2) 651.7(2)
Z 2 4 2 2 2 2
� [g cm�3] 1.469 1.443 1.390 1.429 1.449 1.517
temperature [K] 173 173 173 173 173 173
� range [�] 1.90 ± 23.34 1.38 ± 23.33 1.69 ± 23.32 1.64 ± 23.36 1.64 ± 24.99 1.72 ± 27.98
measured reflections 3105 7037 3443 3484 2605 4392
unique reflections 1704 3861 1904 1959 2381 2790
parameters 172 380 181 193 181 181
GOF 1.094 1.087 1.114 1.064 0.998 1.032
R1 (I� 2�I) 0.0458 0.0556 0.0472 0.0481 0.0727 0.057
wR2 (all data) 0.1396 0.1621 0.1406 0.1372 0.2033 0.1431
reaction water/ water/ water/ water/ water/ water/
solvent ethanol ethanol ethanol ethanol methanol ethanol
m. p. [�C] 259 ± 261 250 ± 252 255 ± 256 240 ± 241 277 ± 279 � 260
crystal habit needle prism plate plate plate plate


7 8 9 10 11 12


formula C12H15N3O4 C13H15N3O4 C11H11N3O4 C8H13N3O4 C9H15N3O4 C13H23N3O4


molecular weight 277.28 277.28 249.23 215.21 229.24 285.34
system triclinic triclinic triclinic triclinic triclinic triclinic
space group P1≈ P1≈ P1≈ P1≈ P1≈ P1≈


a [ä] 6.707(7) 6.6065(7) 6.6023(6) 6.693(6) 6.544(1) 6.590(2)
b [ä] 8.883(8) 8.9778(8) 8.8626(7) 8.8396(8) 8.944(1) 8.958(2)
c [ä] 12.14(1) 11.7377(9) 11.2121(9) 9.3274(8) 10.676(2) 14.102(4)
� [�] 89.77(2) 85.525(7) 90.821(2) 80.505(2) 78.881(3) 84.062(5)
� [�] 80.51(2) 87.518(8) 104.272(2) 79.765(2) 75.405(3) 81.021(5)
� [�] 68.70(2) 68.573(8) 111.057(1) 69.238(2) 69.202(3) 68.502(5)
V [ä3] 663(1) 646.0(1) 589.50(9) 502.88(8) 561.6(2) 764.1(3)
Z 2 2 2 2 2 2
� [g cm�3] 1.388 1.425 1.404 1.421 1.356 1.240
temperature [K] 173 173 173 173 173 173
� range [�] 1.70 ± 27.44 1.74 ± 25.00 1.89 ± 28.28 2.48 ± 23.26 2.45 ± 28.07 1.46 ± 28.23
measured reflections 3946 2484 4206 2627 3942 5415
unique reflections 2658 2272 2623 1445 2465 3388
parameters 181 248 201 136 145 212
GOF 1.219 1.122 1.057 1.061 1.071 1.071
R1 (I� 2�I) 0.1269 0.0523 0.0506 0.0379 0.0485 0.0666
wR2 (all data) 0.2977 0.1605 0.1545 0.1059 0.1370 0.2109
reaction water/ water/ water/ water/ water/ water/
solvent ethanol ethanol ethanol ethanol ethanol methanol
m. p. [�C] � 260 � 260 248 ± 250 260 ± 261 256 ± 259 248 ± 250
crystal habit plate plate plate prism prism prism
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Table 1. (cont.)


13 14 15 16


formula C22H24N8O8 C19H19N3O4 C19H33N3O5 C15H29N3O5


molecular weight 528.49 353.37 383.48 3331.41
system triclinic monoclinic monoclinic monoclinic
space group P1≈ P2(1)/m P2(1)/n P2(1)/c
a [ä] 8.927(1) 6.8541(6) 10.8200(7) 8.9748(5)
b [ä] 11.365(2) 15.042(1) 14.6271(9) 13.3116(7)
c [ä] 12.763(2) 9.0900(8) 13.5960(8) 15.3147(8)
� [�] 92.960(3) 90 90 90
� [�] 108.204(3) 109.851(2) 93.384(2) 99.800(1)
� [�] 104.051(3) 90 90 90
V [ä3] 1181.8(3) 881.5(1) 2148.0(2) 1802.9(2)
Z 4 2 4 4
� [g cm�3] 1.485 1.331 1.186 1.221
temperature [K] 100 173 100 100
� range [�] 1.87 ± 24.70 2.38 ± 23.25 2.05 ± 26.41 2.04 ± 26.38
measured reflections 9722 4575 16177 16849
unique reflections 4025 1324 4397 3689
parameters 343 136 244 324
GOF 1.063 1.043 0.914 1.087
R1 (I� 2�I) 0.0495 0.0400 0.0544 0.0411
wR2 (all data) 0.1399 0.1040 0.0710 0.0907
reaction solvent water/ethanol water/ethanol water/ethanol water/ethanol
m. p. [�C] 254 ± 256 230 ± 235 210 ± 214 189 ± 194
crystal habit irregular prism prism needle
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Abstract: TiO2-supported ruthenium-
metal particles were derived from an
anionic hexanuclear carbido carbonyl
cluster [Ru6C(CO)16]2� and compared
with those prepared conventionally by
impregnation of TiO2 with a solution of
RuCl3 followed by reduction with H2.
The average sizes of the metal particles
in both systems are similar, that is, 12 ä
for molecular cluster-derived particles
and 15 ä for those derived from the
RuCl3 precursor, although the size dis-
tribution is sharper in the former case.


These supported particles efficiently
promote the reduction of SO2 with H2


to give elemental sulfur. Their active
form is ruthenium sulfide as confirmed
by EXAFS and X-ray diffraction meas-
urements. The nanoscale ruthenium sul-
fide particles, which originated from the
cluster complex, have an amorphous


character and show activity even at low
temperature (463 K), whereas rutheni-
um sulfide formed from RuCl3-derived
metal dispersion is a pyrite-type RuS2


crystallite and needs a temperature
above 513 K to effect the same catalysis.
Amorphous ruthenium sulfide main-
tains its nano-sized scale (�14 ä) re-
gardless of the reaction temperature,
while RuS2 crystallite aggregates to form
larger nonuniform particles.


Keywords: amorphous materials ¥
cluster compounds ¥ nanostructures
¥ reduction ¥ ruthenium


Introduction


The structures and functions of very small metal particles,
which are synthesized with molecular cluster complexes as
precursors, have attracted considerable interest.[1] They often
show catalytic properties different from conventional sup-


ported metals, and this has been attributed to, at least in part,
the small size of the catalyst particles. However, most of the
reactions examined with such nano-sized fine metal catalysts
involve the hydrogenation of olefins, hydroformylations,
hydrogenolysis of alkanes, and in some limited cases the
reformation of naphtha to produce aromatics. We were
originally interested if such a size effect could also be effective
in rather drastic reactions, such as SO2 reduction by H2, since
the catalytic reduction of gaseous SO2 to elemental sulfur has
attracted much attention as a possible strategy to abate SO2


from combustion processes.[2±5] In our studies along this line,
we previously reported that TiO2-supported ruthenium cata-
lysts, which were prepared from two different precursors, that
is, the ruthenium carbido carbonyl cluster complex
[(PPh3)2N]2[Ru6C(CO)16] (1) and the metal chloride RuCl3
(2), showed the efficient reduction of SO2 with hydrogen to
give elemental sulfur at temperatures higher than 508 ±
513 K.[6] One of the remarkable features of the Ru/TiO2


catalyst (Ru(A)), derived from the cluster complex 1, was
its quite high activity even at a lower temperature of 463 ±
513 K, whereas TiO2-supported metal particles (Ru(B)),
made conventionally by the impregnation process from 2,
needed a reaction temperature higher than 513 K (Table 1).
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The metal dispersion on TiO2 derived from the zero-valent
mononuclear complex, that is, [Ru(cyclooctadiene)(cyclo-
octatriene)], as the precursor exhibited exactly the same
temperature dependency as in the case of Ru(B), and
therefore even if a trace amount of Cl� ion remains on the
metal surface from RuCl3, it should have no effect in the
present SO2 reducing reaction.[6] In this work, the TiO2-
supported particles derived from 1 and 2, before and after
catalysis at various temperatures, were characterized in detail
to elucidate the origin of the difference in their activities.
Characterization based on transmission electron microscopy
(TEM), Ru K-edge X-ray absorption fine structure (EXAFS)
spectroscopy, and X-ray diffraction (XRD) measurement
indeed showed that Ru(A) and Ru(B), as well as their sulfide
derivative, have significantly different characteristics in the
present reaction involving sulfur. However, the main reason
for this difference was concluded to be not the size of the
catalyst particles, as initially expected, but rather their
morphology. The present results suggest the existence of
unprecedented amorphous ruthenium sulfide as a nanopar-
ticle dispersion and that it plays a significant role in catalytic
activity.


Results


The TiO2-supported cluster complex was prepared by im-
pregnation of TiO2 with a solution of 1 in THF and trans-
formed to metal dispersion Ru(A) by heating the incipient
sample at 573 K for 1.5 h under vacuum and then heating at
the same temperature for three hours under a stream of H2.
By using the same procedure, precursor 2 was converted to
TiO2-supported metal dispersion Ru(B). The catalytic reduc-
tion of SO2 at T Kelvin was interrupted after two hours, and
the gray powders of [RuS(A)]T and [RuS(B)]T, which were
formed from Ru(A) and Ru(B), respectively, were subjected
to EXAFS and XRD spectra measurements, as well as the
observation of particle size by TEM.


Transmission electron microscopy : The TEM image of Ru(A)
(Figure 1a) shows an exceptionally narrow size distribution of
metal particles dispersed on TiO2, with an average size of
12� 1.7 ä. The image of Ru(B) (Figure 1b) indicates that the
average particle size is 15� 2.6 ä, and the particles are not as
uniform as in the case of Ru(A). Energy-dispersive X-ray
(EDX) analysis was used to confirm that the dark spots
observed were actually images of Ru metal.


When Ru(A) was exposed to a gaseous mixture of SO2/H2


(1/2 v/v) at 443 K for two hours, only a slight conversion
(2.8%) of SO2 to elemental sulfur was observed (Table 1).
However, the particle-size changed during that process: the
resulting particles, denoted [RuS(A)]443, became smaller
(average size 8� 2.6 ä), but still maintained a sharp size
distribution (Figure 2a). In contrast, upon treating Ru(B)
under the same conditions, the resulting particle [RuS(B)]443
tended to be larger with an even wider distribution compared


Table 1. Reduction of SO2 with H2 to elemental sulfur over TiO2-
supported ruthenium catalysts carried out at various temperatures.[a]


Conversion [%]
Precursor T [K]


443 463 473 493 503 513 523


1 2.8 81.9 84.3 85.1 86.1 90.1 87.1
2 1.7 1.9 3.2 5.1 9.8 87.6 86.8


[a] See ref. [6] for the reaction conditions.


Figure 1. TEM images and histograms of the TiO2-supported Ru particles. a) Ru(A); b) Ru(B).
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to that of the parent Ru(B) (Figure 2b). This property of
[RuS(B)] for aggregation is more pronounced at higher
temperatures, as shown in Figure 3b: [RuS(B)]473 paricles
have average sizes of 30� 7.8 ä. Likewise, the avarage size for
[RuS(B)]523 particles was observed to be 30� 6.3 ä, which act
as a catalyst at 523 K (Table 1). The changes in particle size
and distribution with the reaction temperature are much less


in the system with Ru(A); [RuS(A)]473 still has a narrow
distribution, with a particle size of 14� 1.8 ä (Figure 3a),
while [RuS(A)]523 has a mean particle size of 14� 3.5 ä, as
summarized in Table 2.


Ruthenium EXAFS spectra : Figure 4 displays the original
raw EXAFS data. Figures 5 and 6 show the normalized


Figure 2. TEM images and histograms of the TiO2-supported particles obtained from the reaction with SO2/H2 at 443 K. a) [RuS(A)]443 ; b) [RuS(B)]443 .


Figure 3. TEM images and histograms of the TiO2-supported particles obtained from the reaction with SO2/H2 at 473 K. a) [RuS(A)]473 ; b) [RuS(B)]473 .
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oscillation c(k) and the associated k3-weighted Fourier trans-
forms, respectively, for the supported Ru catalysts before (a
and e) and after (b ± d and f, g) the catalytic run at each


reaction temperature. Figure 7 shows the results of respective
curve-fitting analysis.


The Fourier transform for the initial metal dispersion of
Ru(A) exhibits a single strong peak (Figure 6a). By compar-
ison with the EXAFS oscillation and its associated Fourier
transform spectra of authentic Ru metal powder, this peak
was confirmed to represent the nearest neighboring Ru�Ru
bond. TiO2-supported Ru metal has been reported to lack the
Ru�O bond.[7, 8] Furthermore, in the present case, the one-
shell Ru�Ru model gave a satisfactory fit, as shown in
Figure 7a, while two-shell (Ru�O � Ru�Ru) fitting did not
give reasonable parameters. The corresponding Fourier trans-
form for Ru(B) (Figure 6e) again has a strong single peak due


Table 2. Particle size [ä] of Ru-nanoparticles measured from TEM
images.


Reaction temperature [K]
Before reaction 443 473 523


Ru(A) 12�1.7
Ru(B) 15�2.6
[RuS(A)]T 8�2.6 14�1.8 14�2.9
[RuS(B)]T 16�4.6 30�7.8 30�6.5


Figure 4. Original Ru K-edge EXAFS data. a) Ru(A), b) [RuS(A)]443 , c) [RuS(A)]473, d) [RuS(A)]523, e) Ru(B), f) [RuS(B)]473 , and g) [RuS(B)]523 .


Figure 5. Ru K-edge EXAFS oscillations �(k) of a) Ru(A), b) [RuS(A)]443 , c) [RuS(A)]473 , d) [RuS(A)]523 , e) Ru(B), f) [RuS(B)]473 , and g) [RuS(B)]523 .
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to the Ru�Ru bond and agrees well with the EXAFS
spectrum reported in the literature for Ru metal supported
on TiO2.[8] Structural parameters are summarized in Table 3.


The coordination number of the Ru�Ru bond was 7.0 for
Ru(A) and 9.2 for Ru(B), which is consistent with the smaller
size of Ru(A) observed by TEM (Table 2).


The Fourier transform of EXAFS data for [RuS(A)]443,
which is the species formed when Ru(A) is treated with a SO2/
H2 gas mixture at 443 K (Table 1), is shown in Figure 6b. The
spectrum is completely different from that of the parent
Ru(A). The direct Ru�Ru bond is now very weak, while one
strong peak is seen for the Ru�S bond, as assigned based on
the spectrum of authentic RuSx (x� 2). The curve-fitting
analysis based on two shells (Ru�S � Ru�Ru) gave the
reasonable parameters listed in Table 4, while the fitted curve


Figure 6. Fourier transforms of k3-weighted EXAFS data of a) Ru(A), b) [RuS(A)]443 , c) [RuS(A)]473 , d) [RuS(A)]523 , e) Ru(B), f) [RuS(B)]473 , and
g) [RuS(B)]523 .


Figure 7. Inverse Fourier transforms (lines) and calculated curve-fitting (dots) of a) Ru(A), b) [RuS(A)]443 , c) [RuS(A)]473 , d) [RuS(A)]523 , e) Ru(B),
f) [RuS(B)]473 , and g) [RuS(B)]523 .


Table 3. Structural parameters of Ru(A) and Ru(B) determined from
EXAFS data.


Ru�Ru Rf [%]
N d [ä][a] �E0 [eV] �� [ä]


Ru(A) 7.0 2.67 4.9 0.023 1.7
Ru(B) 9.2 2.66 9.8 0.037 1.8


[a] The Ru�Ru distance determined by X-ray analysis of the metal is
2.65 ä.
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is shown in Figure 7b. TheNRu�Ru value was only 0.4; theNRu�S
was 5.3. The Ru�S bond length of 2.31 ä is comparable to the
corresponding value of 2.351 ä found in the pyrite-type single
crystals of RuSx. At 473 K and 523 K, the cluster-derived
particles showed good catalytic activity (Table 1) and the
corresponding EXAFS data (Figures 5c, 6c; 5d, 6d) of the
supported particles [RuS(A)]473 and [RuS(A)]523 were essen-
tially the same as those for [RuS(A)]443. For the curve-fitting
shown in Figure 7d ([RuS(A)]523), a one-shell approximation
based on Ru�S was good enough (Table 4).


The EXAFS data for [RuS(B)]473 and [RuS(B)]523, obtained
from noncatalytic and catalytic runs, respectively (Table 1),
were similar to those of the corresponding [RuS(A)] ana-
logues, as shown in Figures 5f ± 7f and 5g ± 7g. The Fourier
transformed data in the range of 1.5 ± 2.5 ä show a single
peak. These were fit (Figure 7f and g) with curves generated
using one-shell (Ru�S) parameters (Table 4).


All of these EXAFS data prove that the initially formed
TiO2-supported metal nanoparticles, Ru(A) and Ru(B), are
converted to metal sulfide species upon reacting with a SO2/
H2 gas mixture above 443 K, regardless of whether the
temperature is high enough to achieve active catalysis.


X-ray diffraction (XRD) analysis : Since the metal loading of
1.5 wt% used for TEM and EXAFS studies was too low for
XRD measurements, TiO2 was loaded with the metal in 15
wt%. Figure 8a shows the XRD of blank TiO2. As expected
from the EXAFS data, both [RuS(B)]473 and [RuS(B)]523
(Figure 8b) show two peaks at 2�� 32 and 46�, which are
assignable to the [200] and [220] faces, respectively, of the
RuS2 pyrite phase. The RuS2 [311] face at 2�� 54� is
overlapped by the strong peaks of TiO2.


In contrast, both [RuS(A)]503 and [RuS(A)]523 showed the
same XRD pattern (Figure 8e), which had a very broad peak
in the range 2�� 30 ± 55�, as is evident by comparison with the
XRD pattern of pure TiO2. Annealing of the [RuS(A)]523
sample under Ar at 723 K for two hours (Figure 8d) and
further at 773 K for two hours (Figure 8c) yielded a sample
with an XRD pattern that was essentially the diffraction of
pyrite-type RuS2 crystallite. To confirm further that the broad
XRD peak observed in Figure 8e is due to ruthenium sulfide
and not to impurities, a typical sulfidation method with
conditions for metals was applied for Ru(A), that is, the
reaction was performed at 573 K with H2S/H2 (1/9 v/v) in
place of SO2/H2. The XRD pattern of the resulting ruthenium
sulfide had exactly the same broad peak as that in Figure 8e,
and annealing of this sample at 773 K gave the expected [200]
and [220] peaks of the crystalline RuS2. Similar sulfidation of


Figure 8. XRD patterns of a) blank TiO2 sample, b) [RuS(B)]473 and
[RuS(B)]523, c) [RuS(A)]523 sample after annealed at 773 K, d) [RuS(A)]523
sample after annealed at 723 K, and e) [RuS(A)]503 and [RuS(A)]523 .


Ru(B) with H2S/H2 proceeded only above 673 K, and its
XRD pattern was very close to that shown in Figure 8b.
Based on these observations, the broad peak present in
Figure 8e is assigned to the amorphous phase of ruthenium
sulfide.


XRD peaks of the parent metal dispersions Ru(A) and
Ru(B) could be observed only in low 2� region due to low
intensities of the diffraction. XRD of Ru(B) showed, albeit
unresolved, overlapped peaks assignable to [002] and [101]
faces of the hcp phase of the metal crystallite, whereas the
corresponding diffraction for Ru(A) is broader and the peak
top position is apparently different from those of the
authentic Ru metal (Figure 9).


Table 4. Structural parameters of catalysts [RuS(A)] and [RuS(B)] determined from EXAFS data.


Catalyst Ru�S Ru�Ru Rf [%]
N d [ä][a] �E0 [eV] �� [ä] N d [ä][a] �E0 [eV] �� [ä]


[RuS(A)]443 5.3 2.31 0.1 0.017 0.4 2.72 -6.8 0.020 0.7
[RuS(A)]473 3.8 2.33 8.1 0.054 1.6 2.77 6.1 0.199 2.0
[RuS(A)]523 6.5 2.33 4.6 0.014 ± ± ± ± 1.8
[RuS(B)]473 6.0 2.31 1.6 0.020 ± ± ± ± 1.3
[RuS(B)]523 6.2 2.31 0.3 0.015 ± ± ± ± 3.8


[a] The Ru�S distance in pyrite RuS2 crystals is 2.351 ä.
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Figure 9. XRD peaks of the TiO2-supported Ru metal-particles: a) Ru(A),
b) Ru(B). The marked peaks are those due to TiO2 back-ground.


Discussion


Molecular metal cluster complexes have been used as some of
the most effective sources for supported ultimately fine metal
particles.[1] With regard to hexaruthenium carbonyl clusters
with an interstitial carbide, a methyl derivative
[Ru6C(CO)16(CH3)]� has been used as a precursor to bring
about strong interaction with the supporting material (MgO,
Al2O3, TiO2) and to maintain the [Ru6C]/support structure
framework after the organic ligands are removed under
vacuum at 523 ± 623 K.[9±11] When the interaction between the
metal and the support is not strong enough, aggregation of the
initially formed metal cluster particle may take place to some
extent. In a series of studies based on the [PtRu5C(CO)16]
complex supported on carbon black, it has been shown that
reduction with H2 at 673 K yields bimetallic nanoparticles
(average diameter of 16 ä) with a narrow size distribution
packed in an fcc structure rather than a conventional hcp
structure.[12±14] In the case of the present dispersed metal
Ru(A) derived from impregnated 1 in 1.5 wt%, it is evident
that some aggregation also occurred during treatment for
decarbonylation at 573 K. The TEM study indicates that the
average size of Ru(A) is 12 ä with a significantly narrow size
distribution, which roughly corresponds to the condensation
of five [Ru6] metal units. By similar treatment of the metal
chloride precursor 2, dispersed metal Ru(B), with an average
diameter of 15 ä, is obtained (Figure 1). Although the size
distribution of Ru(A) is markedly sharper than that of Ru(B),
it is difficult to explain the difference in the catalytic reactivity
for SO2 reduction (Table 1) by this difference in the size of
these metal particles.


The Ru K-edge EXAFS spectra suggest that when a gas
mixture of SO2/H2 (1/2 v/v) is passed over these supported
ruthenium-metal particles at temperatures higher than 443 K,
the Ru�Ru bond is almost completely lost, while ruthenium
sulfide becomes the predominant chemical component. Thus,
the active catalyst species in the reduction of SO2 with H2 is
confirmed to be ruthenium sulfide. Therefore, the ruthenium
sulfide [RuS(A)], which originates from cluster complex 1


and is formed in the SO2 reducing reaction of metal Ru(A), is
highly active as a catalyst at a low temperature of 463 ± 503 K.
In contrast, the other ruthenium sulfide [RuS(B)], formed
from Ru(B), is inactive in the same temperature range
(Table 1) and works only at higher temperatures.


XRD can provide information on structural differences
between the two ruthenium sulfides. Sulfide [RuS(B)] is
evidently an ubiquitous pyrite-type crystallite of RuS2 sup-
ported on TiO2, while [RuS(A)] is amorphous (Figure 8).
Successful curve-fitting analysis of the EXAFS data for
[RuS(A)], with calculations based on crystalline RuS2 (Fig-
ure 7), suggests that the relative orientation of the Ru and
nearest S atoms in the amorphous phase is similar to that in
the more common pyrite-type form (Table 4). Although there
have been a number of reports concerning Ru sulfide, only
two have reported the preparation of an amorphous
form.[15, 16] The reported XRD of amorphous Ru sulfide
consists of two broad overlapping humps with 2� ranging from
approximately 20 ± 55�, although the peak-head positions are
evidently different in the two reports. To the best of our
knowledge, [RuS(A)] obtained in the present study is the first
example of a supported amorphous species of a ruthenium
sulfide dispersion and also the first case in which reactivity of
amorphous ruthenium sulfide was examined.


Comparison of the ruthenium sulfides prepared here by
TEM indicates that the sulfidation of Ru(A) during the
reaction with SO?/H2 causes partial fragmentation of the
metal particles into smaller metal sulfide particles at low
temperature, that is, [RuS(A)]443 has an average size of 8 ä
(Figure 2a). Although some re-aggregation takes place at
higher temperatures, the particle size remains rather small, for
example, [RuS(A)]473 and [RuS(A)]523 each measured �14 ä
(Table 2). Thus, it is very likely that amorphous ruthenium
sulfide [RuS(A)] has weak interaction between the RuS2


units, which does not allow greater aggregation. In the case
of Ru(B), the behavior toward sulfidation through the
reaction with SO2/H2 is very different from that with Ru(A);
at 443 K, the reaction induced partial aggregation rather than
fragmentation and resulted in a broad distribution of the
particle size of 20 ± 25 ä (Figure 2b). The tendency of
crystalline RuS2 for rather random aggregation is even more
pronounced at higher temperature, at which it gives ruthe-
nium sulfide [RuS(B)] with the particle size scattered over a
wide range of 18 ± 47 ä (473 K) and 17 ± 33 ä (523 K), as
shown in Figure 3b.


The striking difference between the two ruthenium sulfide
catalysts, one originating from the [Ru6] cluster complex 1 and
the other from ruthenium salt 2, may be traced back to the
different morphologies of the initially formed metal particles
Ru(A) and Ru(B), which are intermediate precursors for the
sulfide species. Aside from sulfidation by a gas mixture of
SO2/H2 (1/2 v/v) as discussed above, the more common
sulfidation process with a gas mixture of H2S/H2 (1/9 v/v)
also gave amorphous ruthenium sulfide from Ru(A) and
pyrite-type crystallite from Ru(B), as observed by XRD
analysis (Figure 8). Furthermore, the fact that a higher
temperature is needed for the sulfidation of Ru(B) (673 K)
by H2S/H2 relative to the reaction with Ru(A) (573 K) is
another indication of the higher reactivity of Ru(A). The
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XRD observations displayed in Figure 9 suggest that TiO2-
supported Ru(A) and Ru(B) vary with regard to structure:
Ru(A) is much more reactive probably because it has
significant structural defects or more amorphous-like, com-
pared to crystalline metal Ru(B), and furnishes nanoparticles
of amorphous metal sulfide on sulfidation.


Conclusion


By comparing the TiO2-supported metal particles Ru(A) and
Ru(B) and their sulfide derivatives [RuS(A)] and [RuS(B)],
several features became clear.
1) Though the size distribution is sharper in Ru(A), the


average particle size of the two forms is rather similar
(Ru(A) 12 ä, Ru(B) 15 ä). However, they differ in
structures; Ru(A) probably has significant structural
defects, while Ru(B) is a conventional hcp crystallite.


2) Ru(A) readily undergoes sulfidation with a H2S/H2 gas
mixture at 573 K to give amorphous ruthenium sulfide,
while Ru(B) requires a temperature of 673 K and gives
ruthenium sulfide in the form of pyrite-phase crystallite.


3) Upon reaction with a gas mixture of SO2/H2, both metal
species are converted to Ru sulfide. Ru sulfide derived
from Ru(A) consists of amorphous RuS2, while Ru(B)
gives the conventional RuS2 pyrate phase. The amorphous
ruthenium sulfide formed in situ from Ru(A) catalyzes the
reduction of SO2 to elemental sulfur by H2 at a much lower
temperature (463 K) than does the crystalline ruthenium
sulfide derived from Ru(B) (513 K).


4) Ruthenium sulfide crystallite [RuS(B)] aggregates to a
larger and nonuniform dispersion at higher temperature.
In contrast, amorphous ruthenium sulfide [RuS(A)] main-
tains a small particle size under various temperatures for
the catalytic reaction. This probably is due to the much
weaker interunit interaction among RuS2 units in the
amorphous phase.


5) Ru EXAFS analysis suggests that the relative orientation
of Ru and S atoms in the RuS2 species of the amorphous
phase is similar in average to that in the crystalline pyrite
phase.
Ruthenium cluster complexes are thus good precursors for


amorphous metal sulfide supported on TiO2, which is
expected to have high activity under rather mild conditions.
Further studies on its reactivity in other catalytic reactions are
now in progress.


Experimental Section


Sample Preparation : The anionic carbido carbonyl cluster complex,
[(PPh3)2N]2[Ru6C(CO)16] (1), was prepared by the method described in
the literature.[17] Cluster 1 was supported on TiO2 (Japan Aerosil P25, mean
particle size 21 nm) by impregnation at 298 K for 1 h with dry THF solution
under an Ar atmosphere, and subsequent removal of THF in vacuo. The
amount of Ru metal loaded was fixed at 1.5 wt% unless stated otherwise.
Dried incipient catalysts were heated in vacuum for 1.5 h at 573 K and then
reduced for 3 h under a stream of hydrogen at 573 K to give Ru(A). In the
same manner, RuCl3 ¥ 3H2O (2) on TiO2 was reduced to give Ru(B). The
catalytic reduction of SO2 was carried out in a gas flow system (flow rate
60 cm3min�1) as described in a previous report.[6] After the catalytic


reaction, elemental sulfur remaining on the catalyst surface was flushed
with argon for 2 h at the reaction temperature. The supported catalyst
sample was then transferred under Ar to a glass cell with Kapton films on
both sides and subjected to EXAFS measurements. Sulfidation of the
supported metals Ru(A) and Ru(B) by H2S was carried out under a
mixture of H2S/H2 (1/9 v/v), with a flow rate of 44 cm3min�1 at atmospheric
pressure. In this manner, Ru(A) and Ru(B) underwent sulfidation at 573 K
and 673 K, respectively. After 3 h, the sample was cooled to room
temperature and flushed with nitrogen for 1 h.


EXAFS measurements and analysis : Ru K-edge EXAFS measurements
were performed at room temperature at beamline 10B of the Photon
Factory at the High Energy Accelerator Research Organization (KEK-PF)
in Tsukuba. The accumulation ring energy was 2.5 GeVand the ring current
was 450 ± 300 mA. The beamline 10B makes use of the channel-cut double
crystal monochrometer of Si(311). The incident and transmitted X-rays
were monitored by ion chambers filled with Ar for I0 and Kr for I. The
photon energy was calibrated by equalizing the derivative maximum of the
absorption edge of Ru powder at 22119.3 eV. The background was
subtracted by fitting the polynomial to the pre-edge region and extrapolat-
ing it to the postedge region. The edge jump of the subtracted spectrum was
normalized at 22131.8 eV.


The EXAFS data were analyzed by the EXAFSH program.[18] Background
subtraction was performed by calculating the three-block cubic spline,
followed by normalization using the Victoreen parameter. Fourier trans-
formation of the k3-weighted c function was carried out over the range
kmin� 3 and kmax� 17.0 ± 19.0ä�1 according to the signal/noise (S/N) of each
spectrum. The window function (Hanning function) was multiplied by the k
width of (kmax�kmin)/20 on both ends of the FT k range. Inverse FT was
performed in the r range of rmin� 1.3 ± 1.4 and rmax� 3.9 ± 4.1 ä multiplied
by the window Hanning function with width 0.1 ä on both ends. Curve-
fitting analysis was performed by using a method based on the formula of
the plane wave single-scattering theory, with empirical phase shift and
amplitude functions extracted from ruthenium metal powder for the
Ru�Ru bond (metallic), from RuO2 for the Ru�O bond, and from RuSx
(x� 2) for the Ru�S bond. The coordination number (N), bond length (d)
and Debye ±Waller factor (�) were determined in the fitting procedure. In
Tables 3 and 4, Debye-Waller factors thus obtained are listed in the form of
�� in ä, that is, with reference to the corresponding values for the standard
compounds (Ru metal, RuO2, and RuS2).


Transmission electron microscopy : Microscopy studies were performed by
using a field emission Vacuum Generator JEM-2000EXII operated at
200 kV. The spatial resolution of the microscope was estimated to be�3 ä.
Specimens were prepared by dipping a copper-mesh-supported holey
carbon grid into an ethanol suspension of the sample.


X-ray diffraction measurement : The amount of Ru metal loaded on TiO2


was 15 wt% in XRD studies. XRD analysis of the catalyst samples
([RuS(A)] and [RuS(B)]) was performed on a MAC Science M18XHF
X-ray diffractometer with rotating anode generators and a monochromatic
detector. CuK� radiation (�� 1.542 ä) was used at 45 kV and 400 mA. For
crystal phase identification, the typical operation parameters were
divergence slit of 1�, scattering slit 1�, receiving slit 0.3 mm, and a scanning
rate of 2�min�1 with a 0.02� data interval. XRD patterns were collected in
the 2� domain ranging from 10 to 100�. XRDmeasurement of intermediate
metal particles (Ru(A) and Ru(B)) was carried out on a Rigaku RINT/
RAPID diffractometer with CuK� (�� 1.542 ä) radiation at 40 kV/36 mA
with radiation time of 15 min.
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Metal ±Metal Bonds between Group 12 Metals and Tin: Structural
Characterization of the Complete Series of Sn-M-Sn (M�Zn, Cd, Hg)
Heterodimetallic Complexes


Matthias Lutz,[b] Bernd Findeis,[a] Matti Haukka,[b] Roland Graff,[a]
Tapani A. Pakkanen,*[b] and Lutz H. Gade*[a]


Abstract: Reaction of the lithium tri-
amidostannate [MeSi{SiMe2N(p-Tol)}3-
SnLi(OEt2)] (1) with 0.5 molar equiva-
lents of MCl2 (M�Zn, Cd, Hg) in
toluene afforded the corresponding het-
erodimetallic complexes [MeSi{Si-
Me2N(p-Tol)}3Sn]2M {M�Hg (2), Cd
(3), and Zn (4)}. The molecular struc-
tures of the mercury and cadmium
complexes were determined by X-ray
diffraction and found to adopt a linear
Sn-M-Sn metal–metal bonded array
(d(Sn�Hg) 2.6495(2), d(Sn�Cd)
2.6758(1) ä), these being the first Hg�


Sn and Cd�Sn bonds to be characterized
by X-ray diffraction. That the Hg�Sn
bonds are shorter than the Cd�Sn bonds
in the isomorphous complexes is attrib-
uted to relativistic effects in the mercury
system. In contrast, the structure of the
Zn analogue is unsymmetrical with one
stannate unit being Sn�Zn bonded
(d(Sn(1)�Zn) 2.5782(4) ä), while the


ZnII atom bridges two amido functions
of the second stannate cage, thus repre-
senting a second isomeric form of these
complexes. The different degree of met-
al ± metal bond polarity is reflected in
the 119Sn NMR chemical shifts of the
three complexes. Variable-temperature
NMR studies and a series of 1H ROESY
experiments of the cadmium complex 3
in solution revealed a dynamic exchange
between the two isomers.Keywords: cadmium ¥ mercury ¥


metal-metal bonds ¥ N ligands ¥ tin
¥ zinc


Introduction


Metal ± metal bond polarity[1] is normally linked to the
difference of the coordination spheres of the bound metal
atoms or to their different horizontal or vertical positions in
the periodic table. In Group 12 of the periodic table there is an
ideal combination of a significant variation of the properties
of metal dications, the stability of a given oxidation state, and
the accessibility of suitable starting materials. At the same time
the extremes of transition-metal properties are covered, ranging
from the typical first-row coordination behavior of divalent
zinc to the structural chemistry of mercury(��), which is strongly
influenced by the relativistic contraction of the 6s orbital and
the destabilization of the 5d orbitals. This goes along with an


increase of the covalency of ligand ± metal and metal ± metal
bonding upon going down the group within Group 12.


Although Group 12 silyl compounds of the type M(SiR3)2


(M�Zn, Cd, Hg) have been studied systematically since the
1960s,[2, 3] much less is known about the heavier congeners in
particular of heterodimetallic complexes between an element
from Group 12 and tin. While there has been a small number
of stable Ge ±Hg[4] and Sn ± Hg[5, 6] compounds reported, the
corresponding Zn and Cd representatives remain extremely
rare.[7, 8] A systematic study of tin ± Group 12 heterodimetallic
complexes, especially of their structural patterns is often
thwarted by their pronounced light sensitivity and rapid
degeneration at room temperature and their occurrence
mainly as oily reaction products.


In previous studies we have shown that our tripodal
triamidostannates(��), which act as anionic SnII nucleophiles,
are suitable for the generation of a series of stable tin
heterodimetallic complexes and resist oxidation by numerous
salts of transition metals.[9, 10] They were therefore thought to
be suitable building blocks for a systematic structural inves-
tigation of Sn�M bonded compounds in solution and in the
crystalline state. Herein we provide the first Sn�Cd and Sn�
Hg bonded complexes which have been structurally charac-
terized by X-ray diffraction, along with only the second fully
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structurally characterized Zn�Sn complex. This is supple-
mented by a comparative study of their different dynamic
behavior in solution which is a result of the variation in the
chemical properties of the three Group 12 metals.


Results and Discussion


Synthesis of the Sn-M-Sn heterodimetallic complexes (M�
Zn, Cd, Hg) and their structural characterization by X-ray
diffraction


Reaction of the lithium triamidostannate [MeSi{SiMe2N(p-
Tol)}3SnLi(OEt2)][9] (1) with 0.5 molar equivlants of MCl2
(M�Zn, Cd, Hg) in toluene afforded the corresponding
heterodimetallic complexes [MeSi{SiMe2N(p-Tol)}3Sn]2M
{M�Hg (2), Cd (3), and Zn (4)} as colorless to pale yellow
microcrystalline solids for which the analytical data are
consistent with the formulation given in Scheme 1.


Scheme 1. Syntheses of complexes 2 ± 4.


The solid complexes 2 and 3 were found to be fairly
airstable, but solutions of 2 decomposed slowly with concom-
itant formation of metallic mercury and an unidentified tin
species upon prolonged exposure to light. Single crystals of all
three complexes suitable for X-ray diffraction studies were
obtained. The triclinic crystals of complexes 2 and 3 were
found to be isomorphous. The molecular structure of
compound 2 in the crystal, which is analogous to that of 3, is
displayed in Figure 1 along with the principal bond lengths
and angles for both complexes. The compounds adopt the
expected molecular structure containing a linear Sn-M-Sn
unit, with the central Hg or Cd atom lying on a crystallo-
graphic inversion center. The two MeSi{SiMe2N(p-Tol)}3Sn
units are therefore bonded in an exactly linear fashion to the
mercury center (Sn(1)-Hg-Sn(1�) 180.00�) and are staggered
with respect to each other (D3d symmetry). The Sn�Hg bond
length (d(Sn�Hg) 2.6492(2) ä), which is the first to be
determined by X-ray crystallography, is shorter than the
sum of the covalent radii (rSn � rHg� 2.90 ä),[11] but is
significantly longer than the X�Hg (X� Si, Ge) distances


Figure 1. Molecular structure of 2 and 3 in the crystal. Selected bond
lengths [ä] and interbond angles [�]; (M�Hg) 2 : Sn(1)�Hg 2.6495(2),
N(1)�Sn(1) 2.054(2), N(2)�Sn(1) 2.075(3), N(3)�Sn(1) 2.074(2); Sn(1)-Hg-
Sn(1�) 180.00, N(1)-Sn(1)-N(3) 105.39(10), N(1)-Sn(1)-N(2) 106.51(10),
N(3)-Sn(1)-N(2) 102.18(10), N(1)-Sn(1)-Hg 124.54(7), N(3)-Sn(1)-Hg
110.04(7), N(2)-Sn(1)-Hg 105.99(7); (M�Cd) 3 : Sn(1)�Cd 2.6758(2),
N(1)�Sn(1) 2.0578(18), N(2)�Sn(1) 2.0823(19), N(3)�Sn(1) 2.0882(18),
Sn(1)-Cd-Sn(1�) 180.00, N(1)-Sn(1)-N(3) 105.53(7), N(1)-Sn(1)-N(2)
105.85(7), N(3)-Sn(1)-N(2) 100.71(7), N(1)-Sn(1)-Cd 128.30(5), N(3)-
Sn(1)-Cd 107.92(5), N(2)-Sn(1)-Cd 105.27(5).


found in the known mercury complexes with the lighter Group
14 elements, such as [{(C6F5)3Ge}2Hg] (2.483 ä),[4a] [{(Me3SiSi-
(Me2))3Si}2Hg2] (2.485 ä),[12a] [{Ph3Si}2Hg] (2.494 ä),[12b]


[{(Me3Si)3Ge}2Hg] (2.512 ä),[4b] and [{Ph3Ge}2Hg] (2.543
ä).[4c] There are relatively short contacts between the Hg
atom and the arene rings of the tolyl units in the ligands (for
instance C(19)�Hg(1) 3.227, C(23)�Hg(1) 3.582, cen-
troid(C(13) ±C(19))�Hg(1) 3.361, centroid(C(22) ± C(23))�
Hg(1) 3.477 ä); however, these seem to be imposed by the
orientation of the ligand periphery of the tripodal amides
rather than being significant in their own right. The corre-
sponding arene�Cd distances are, accordingly, very similar.


The Sn�Cd bond length in the isostructural complex 3 was
found to be 2.6758(1) ä which is significantly longer than the
Hg�Sn distance discussed above. Here again, there is no
precedent in the literature as far as metal ±metal bonding
between these elements is concerned, however, it is notable
that the lighter element appears to possess the greater ionic
radius. Such an inversion of the atom/ion sizes is quite
common in the chemistry of the early transition elements
which follow the lanthanoid block (e.g. Zr/Hf) and in the
latter case a consequence of the lanthanoid contraction.[13] For
the late transition metals the relativistic contraction of 6s
valence shell in the third-row elements becomes an increas-
ingly important factor. Schmidbaur and co-workers have
found such an inverse relation for isostructural gold(�) and
silver(�) complexes and it is to be assumed that the case at
hand is analogous.[14]


In both complexes the peripheral tolyl groups adopt mutual
edge-to-face orientations so that a total of six � ±� inter-
actions (ring centroid–ring centroid 3.839 ± 4.156 ä) encap-
sulate the metal core of the complex. This arrangement is







Sn-M-Sn Heterodimetallic Complexes 3269±3276


Chem. Eur. J. 2002, 8, No. 14 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0814-3271 $ 20.00+.50/0 3271


reminiscent of the centrosymmetric sextuple phenyl embraces
identified by Dance and co-workers as a supramolecular motif
in {Ph4P�}2 complexes[15] and may contribute to the stability of
the dinuclear compounds.


In contrast to the isomorphous compounds 2 and 3, the
X-ray diffraction study of the Sn-Zn-Sn heterodinuclear
complex [MeSi{SiMe2N(p-Tol)}3Sn]2M (4) established a sig-
nificantly different molecular structure which is depicted in
Figure 2 along with the principal metric parameters.


Figure 2. Molecular structure of 4 in the crystal. Selected bond lengths [ä]
and interbond angles [�]: Zn�Sn(1) 2.5782(4), Zn�Sn(2) 2.9930(4), N(1)�
Sn(1) 2.086(2), N(2)�Sn(1) 2.069(2), N(3)�Sn(1) 2.071(2), N(4)�Sn(2)
2.357(2), N(5)�Sn(2) 2.337(2), N(6)�Sn(2) 2.123(2), N(4)�Zn 2.044(2),
N(5)�Zn 2.035(2); N(2)-Sn(1)-N(3) 101.60(9), N(2)-Sn(1)-N(1) 100.48(9),
N(3)-Sn(1)-N(1) 102.08(9), N(2)-Sn(1)-Zn 104.07(7), N(3)-Sn(1)-Zn
123.70(6), N(1)-Sn(1)-Zn 120.89(6), N(6)-Sn(2)-N(5) 101.75(9), N(6)-
Sn(2)-N(4) 104.67(9), N(5)-Sn(2)-N(4) 76.04(8), N(6)-Sn(2)-Zn 128.21(7),
N(4)-Sn(2)-Zn 42.90(5), N(5)-Sn(2)-Zn 42.71(6), Sn(1)-Zn-Sn(2)
140.385(13), N(5)-Zn-N(4) 90.29(9), N(4)-Zn-Sn(1) 131.46(7), N(5)-Zn-
Sn(1) 135.92(6), N(4)-Zn-Sn(2) 51.73(6), N(5)-Zn-Sn(2) 51.18(7).


In the crystal, complex 4 comprises two geometrically
inequivalent {MeSi{SiMe2N(p-Tol)}3Sn} metal ± ligand units.
The tin atom in one of these metallacages is directly bonded
to the zinc atom to form an unsupported Zn�Sn bond
with a bond length of d(Sn(1)�Zn) 2.5782(4) ä. A compara-
ble value for a direct Sn�Zn bond has been recently reported
for zinc [bis{3-(dimethylamino)propyl-C,N}tin]bis(dibenzoyl-
methanato)(Sn�Zn) (d(Sn�Zn) 2.634(6) ä).[16] In contrast,
the tripodal amido ligand in the second stannate unit acts a
bridging ligand, binding both the tin and zinc atoms. As a
consequence of simultaneous tin and zinc bonding and of the
electron-deficient nature of the zinc atom, the Sn�N bond
lengths in the CS symmetrical subunit differ considerably from
each other (d(N(4)�Sn(2)) 2.357(2), d(N(5)�Sn(2)) 2.337(2),
d(N(6)�Sn(2)) 2.123(2) ä). This is to be compared to the C3v


symmetrical subunit for which almost equal Sn�N bond
lengths were found (d(N(1)�Sn(1)) 2.086(2), d(N(2)�Sn(1))
2.069(2), d(N(3)�Sn(1)) 2.071(2) ä). The latter are also
considerably shorter which we believe to be a consequence
of the coordination of a Lewis acidic metal center to the tin
atom. The shortening of the Sn�N bonds in complexes


between Sn and transition metals containing this triamido-
stannate cage in comparison to the lithium stannate(��) has
been previously observed. In compound 4 the N�Zn-bonded
stannate unit therefore visibly retains its anionic stannate
character and the complex may be formally described as a
zwitterionic species.


As a result of intramolecular Zn ±N coordination (d(N(4)�
Zn) 2.044(2), d(N(5)�Zn) 2.035(2) ä) the zinc atom in 4 is
tricoordinate with an additional contact to the second tin
atom (d(Zn�Sn(2)) 2.9930(4) ä). The degree of Sn ±Zn
bonding across the bridging amido ligand is difficult to assess
but thought to be rather weak.


Owing to the reduced symmetry and the tilting of the Sn(2)
cage with respect to the Sn(1) ± Zn axis, the arrangement of its
ligand tolyl groups is also much less symmetrical. In fact, as is
evident in the view of the molecule chosen in Figure 2, one of
the tolyl groups of the Sn(1) triamidotin cage (C(13) ± C(19))
is now almost embedded between two of the tolyl groups of
the Sn(2) unit. This places it exactly within the high shift
anisotropy cones of two Sn(2) tolyl fragments, a situation
which is expected to give rise to unusual chemical shifts of the
1H NMR resonances of this tolyl group if intramolecular Sn ±
Zn rotation is frozen out in the low-temperature limit (vide
infra).


The structures and dynamic behavior of the Sn-M-Sn
complexes 2 ± 4 in solution


For the Sn-Hg-Sn complex 2 the 1H, 13C, and 29Si NMR
spectroscopic patterns in the spectra recorded at 291 K are
consistent with a threefold symmetry in solution. The
chemical shift of the 119Sn NMR resonance of 2 (��
266.2 ppm) is significantly shifted to lower field compared to
the 119Sn NMR signal of the stannate 1 (���96.3 ppm), and
the 199Hg NMR signal is observed at ���267.8 ppm (ext.
standard: HgMe2). We were unable to observe 117/119Sn ± 199Hg
coupling in solution which is probably due to the rapid
relaxation of the Sn nuclei caused by the quadrupolar 14N
environment.


The 1H, 13C, 29Si, and 119Sn NMR spectra of the Sn-Zn-Sn
heterodimetallic complex 4, recorded at 291 K, reflect the
reduced symmetry of the system in comparison to its mercury
analogue. The analysis of the signal pattern due to the Si-
bonded methyl groups is particularly instructive (Figure 3a).
The intense, slighly broadened resonance at �� 0.57 ppm is
attributed to the Si(CH3)2 groups and the singlet at ��
0.26 ppm to the apical SiCH3 group of the Sn�Zn-bound
stannate cage. Rotation around the Sn ± Zn is apparently still
a rapid process at this temperature and generates the effective
local threefold symmetry although the visible resonance
broadening indicates a significant activation barrier. In the
second stannate fragment in which the Zn ion bridges the two
amido functions the local symmetry is reduced to mirror
symmetry which gives rise to three proton signals for the
Si(CH3)2 units (�� 0.02, 0.06, 0.32 ppm) and the resonance of
the second ™apical∫ Si-CH3 group (���0.01 ppm). The
signals of the peripheral tolyl groups lie in the typical range
around �� 2.2 (CH3C6H4) and 6.7 ± 7.5 ppm (aromatic pro-
tons). However, at 291 K and below a resonance set of a single
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tolyl group at unusually high field emerges (�� 1.67
(CH3C6H4) and 5.87, 6.15 ppm (AB system of the aromatic
protons)). We attribute this set of signals to the unique tolyl
group of the Sn(1) fragment in the molecular structure
depicted in Figure 2. The principal changes upon lowering the
temperature to 253 K is the sharpening up of this high field
tolyl resonances due to the freezing out the intramolecular
Sn ± Zn rotation (Figure 3b). This goes along with the splitting
of the Si(CH3)2 signal at �� 0.57 ppm into three singlets (��
0.58, 0.62, and 0.65 ppm).


This correspondence of the NMR signal pattern with the
molecular structure of 4 found in the solid state is supported
by the observation of five 29Si NMR resonances at ���98.2,
�88.2 (2� SiMe), �6.1, 0.5, and 6.0 ppm (3� SiMe2), and two
119Sn NMR resonances (���153.5 and �91.2 ppm). The
chemical shift of the 119Sn NMR resonances strongly depends
on the symmetry around the tin nucleus and therefore
changes to lower frequencies upon going from a tetrahedral
to a trigonal-monopyramidal coordination geometry.[17] Con-
sequently the signal at ���91.2 ppm is attributed to the tin


nucleus possessing a direct Sn�
Zn bond, while the resonance at
higher field shift (��
�153.5 ppm) is due to the stan-
nate-type tin nucleus Sn(2).


Whereas the NMR spectra of
complexes 2 and 4 are consis-
tent with the molecular struc-
tures of both compounds deter-
mined in the X-ray diffraction
experiment, the 1H NMR spec-
trum of the Sn-Cd-Sn complex
3 recorded in [D8]toluene at
291 K proved to be more com-
plicated. The presence of two
isomers of complex 3, a sym-
metrical form 3a as found in its
crystal structure, and a nonsym-
metrical form 3b analogous to
the structure found for 4 in the
crystal structure analysis can be
readily inferred from the signal
pattern of the Si-bonded methyl
groups observed at this temper-
ature as well as the detection of
two 113Cd NMR resonances
(�� 310, 201 ppm; external ref-
erence: Cd(ClO4)2/H2O, 1.0 �).


In the methylsilyl chemical
shift range of the 1H NMR
spectrum depicted in Figure 4a
there are eight methyl resonan-
ces in total, of which the signal
at �� 0.17 ppm is attributed to
the apical Si-CH3 group and the
singlet at �� 0.52 ppm to the
three Si(CH3)2 units in each of
the two aminostannate cages of
the symmetrical, linear Sn-Cd-


Sn complex 3a. For the second isomer, 3b, the Sn ± Cd bonded
stannate cage appears to undergo rapid internal rotation
around the Sn ± Cd axis, generating local threefold symmetry
which is reflected in the two signal pattern of the Si-CH3 (��
0.26 ppm) and the Si(CH3)2 (�� 0.59 ppm) units. In the
second stannate fragment the local symmetry is reduced to
mirror symmetry due to the bridging of two of the amido N
atoms by the cadmium ion. This leads to three resonances for
the Si(CH3)2 groups (�� 0.00, 0.12, 0.36 ppm) and the signal
for the apical methyl group at �� 0.02 ppm.


The spectrum shown in Figure 4a represents an intermedi-
ate dynamic regime in the equilibrium between the two
isomeric forms 3a and 3b. At 253 K the SiMe2 resonance
signal of the Sn ±Cd bonded stannate unit in 3b is split
indicating a hindered rotation around the Sn�Cd bond
(Figure 4b). As in the low-temperature 1H NMR spectrum
of the zinc analogue 4, the set of proton signals of one of the
tolyl groups is observed at remarkably high field which we
attribute to the same structural environment as discussed in
detail above. Upon raising the sample temperature to 373 K in


Figure 3. a) Si(CH3)2 and SiCH3 resonances in the 1H NMR spectrum of 4 recorded at 291 K. b) Variable-
temperature 1H NMR series of complex 4.
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a variable-temperature series of 1H NMR spectra all reso-
nances coalesce and a high-temperature limit is attained which
has the same spectral pattern as observed for the static Sn-Hg-
Sn complex 2 (Figure 4b). This indicates that at 373 K the
exchange between the two isomers 3a and 3b as well as the
intramolecular exchange of the different �2-bridging Cd-amide
positions in 3b is rapid on the NMR time scale (Scheme 2).


The exchange networks for the Si(CH3)2 protons and the
resonances of the apical SiCH3 groups in 3 were also studied
by 1H-ROESY spectroscopy. The variant of this method used
in this study was developed by Desvaux and Goldman to
suppress the TOCSY type contributions as well as the COSY
cross peaks.[18a] The methyl 1H NMR chemical shift region is


represented in Figure 5 and is
consistent with the conclusions
drawn from the variable-tem-
perature study.


A comparison of the properties
and the behavior of the Group
12 metals in the Sn ±M bonded
complexes 2 ± 4


The use of identical building
blocks in compounds 2 ± 4 al-
lows a meaningful comparison
of these metal ±metal bonds.
The metal ± metal bonds in the
Sn-Hg-Sn complex 2 is polar
but primarily covalent, as is
evident from the strong de-
shielding of the 119Sn nuclei
(�� 266.2 ppm) compared to
the the lithium stannate(��) ™li-
gand∫ (���96.3). The linear
arrangement is reinforced by
the relativistic contraction of
the valence 6s shell as is observed
in most mercury compounds.


For the zinc complex, on the
other hand, the chemical shifts
of the two 119Sn NMR resonan-
ces are at high field (���92.8,
�155.0 ppm) which indicates
the retention of the stannte(��)
character of the tin fragment.
Metal ± metal bonding in this
case is thus strongly ionic and
the Sn�Zn bond is to be seen as
a ™classical metal ± ligand∫ co-
ordinative bond. This and the
preference of zinc(��) for higher
coordination numbers explain
the nonsymmetrical molecular
structure for 4 both in solution
and in the solid state. The
amido-N coordination of the
zinc(��) center offers a better
match of chemical hardness/


softness of the donor ± acceptor interaction,[19] and it is
assumed that this would be the preferred coordination mode
for both stannate units (rendering the zinc tetracoordinate), if
the steric interactions of the peripheral tolyl groups were not
in the way of such an arrangement. Finally, the cadmium ± tin
complex 3 represents a heterodimetallic species with an
intermediate bond polarity between those in 2 and 4, as is
evident from the 119Sn NMR chemical shifts found for this
species. In the nonsymmetrical isomer 3b, the 119Sn nucleus of
the amido-N coordinated stannate fragment resonates at ��
�142.7 ppm which is very similar to the equivalent Sn
environment in the Zn ± Sn compound. However, the signal
of the cadmium-bonded tin nucleus in 3 is observed


Figure 4. a) Si(CH3)2 and SiCH3 resonances in the 1H NMR spectrum of 3 recorded at 291 K. b) Variable-
temperature 1H NMR series of complex 3.
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Scheme 2. Dynamic interconversion of the isomers 3a and 3b.


Figure 5. 1H ROESY spectrum recorded at 313 K (tmix� 300 ms): The
exchange networks for the Si(CH3)2 protons and the resonances of the
apical SiCH3 groups in 3 are indicated; *� impurity.


at ���22.2 and thus at considerably lower field than in 4.
The position of 3 between the two extremes 2 and 4 is
additionally manifested in the dynamic behaviour observed in
solution in which the two isomeric forms exchange rapidly.


Conclusion


This study has provided a detailed structural investigation of
tin ± Group 12 heterodimetallic complexes and with it the first
structurally characterized Sn�Cd and Sn�Hg bonds. As in our
previous work, the use of the tripodal triamidostannate cage
as a building block for heterodimetallic complexes has proved
not only to yield stable crystalline compounds but allowed the
investigation of a remarkable, decomposition-free dynamic
behavior in solution. This study now provides the basis for a
detailed theoretical analysis of the variation of metal-metal
bonding in such compounds. Our current and future work also
aims at extending this approach to heterometallic arrays
containing oligomercury units bound to the stannates.


Experimental Section


All reactions were performed in flame-dried glassware under an inert gas
atmosphere of dry nitrogen (desiccant P4O10, Granusic, J.T. Baker) using
standard Schlenk techniques, or in a glovebox. Toluene, n-pentane,
[D6]benzene, [D8]toluene, and [D8]tetrahydrofuran were distilled prior to
use from sodium potassium alloy and stored under nitrogen in resealable
bulbs. Solids were separated from suspensions by filtration through dried
Celite.


The 1H, 13C, and 119Sn NMR spectra were recorded on a Bruker Avance 250
and a Bruker AMX 400 FT NMR spectrometer, respectively. The 29Si and
199Hg NMR spectra were recorded on Bruker Avance 250 FT NMR and
AMX 400 spectrometers. 1H and 13C NMR data are listed in parts per
million (ppm) relative to tetramethylsilane and were referenced by using
the residual protonated solvent peak (1H) or the carbon resonance (13C).
29Si, 119Sn, 113Cd, and 199Hg NMR data are listed in ppm relative to the
external standards tetramethylsilane, tetramethyltin, Cd(ClO4)2/H2O
(1.0 �) and HgMe2, respectively.


In the 1H ROESY experiment[18] mixing times were varied between 50 and
300 ms (in increments of 50 ms). The spin lock field had a spectral coverage
of 5000 Hz and the off resonance carrier was set at an offset at tg���B1/
�� 54�. Relaxation delay: 3 s; TD: 2 K, 512 increments. The spectra were
processed after zero filling in both dimensions to 2 K� 2 K and after cos2-
apodization in both dimensions.


Elemental analyses were carried out with a Leco CHNS-932 microanalyzer
and a CE-instruments EA 1110 CHNS-O microanalyzer. The lithium
triamidostannate [MeSi{SiMe2N(p-Tol)}3SnLi(OEt2)] (1)[9] was prepared
according to a literature procedure. The commercially available metal
halides CdCl2, and ZnCl2 were dehydrated by means of refluxing in
SOCl2 for 24 h prior to use and subsequently thoroughly dried in
vacuum.


General procedure for the preparation of Tin ±Group 12 heterobimetallic
compounds


Precooled toluene (15 mL) was added to a solid mixture of [MeSi{Si-
Me2N(p-Tol)}3SnLi(OEt2)] (1) (733 mg, 1.00 mmol) and the dehydrated
Group 12 metal dichloride (0.50 mmol; ZnCl2: 68.2 mg, CdCl2: 91.7 mg,
HgCl2: 136 mg, respectively) which was cooled to �78 �C. The reaction
mixture was warmed up to ambient temperature within a period of 12 h and
subsequently filtered through Celite. The residue was extracted with hot
toluene (20 mL) and the resulting solution was concentrated to about
10 mL. Storage at �50 �C afforded the mixed tin heterobimetallic
compound as a microcrystalline solid. The obtained residue was washed
with n-pentane (5 mL) and dried in vacuum.


[(MeSi{SiMe2N(p-Tol)}3Sn)2Hg] (2): yellow crystals, yield: 511 mg (68%);
1H NMR (250.13 MHz, [D8]toluene, 295 K): �� 0.16 (s, 6H; SiCH3), 0.52 (s,
36H; Si(CH3)2), 2.21 (s, 18H; CH3C6H4), 6.52 (d, 3JH,H� 8.3 Hz, 12H; H2, 6


of CH3C6H4), 6.71 ppm (d, 3JH,H� 8.3 Hz, 12H, H3, 5 of CH3C6H4);
{1H}13C NMR (62.90 MHz, [D8]toluene, 295 K): ���15.1 (SiCH3), 3.4
(Si(CH3)2), 20.5 (CH3C6H4), 124.1 (C2, 6), 129.9 (C4), 130.6 (C3, 5), 149.5 ppm
(C1); {1H}29Si NMR (49.7 MHz, [D8]THF, 295 K): ���89.8 (SiCH3),
2.4 ppm (Si(CH3)2); {1H}119Sn NMR (93.3 MHz, [D8]THF, 295 K): ��
266.2 ppm (Sn-Hg-Sn); {1H}199Hg NMR (44.79 MHz, [D8]toluene, 295 K):
���267.8 ppm (Sn-Hg-Sn); elemental analysis (%) calcd for
C56H84HgN6Si8Sn2 (Mr� 1503.98): C 44.72, H 5.63, N 5.59; found: C
45.09, H 5.46, N 5.72.


[(MeSi{SiMe2N(p-Tol)}3Sn)2Cd] (3): Pale-yellow crystals, yield: 517 mg
(73%); 1H NMR (250.13 MHz, [D8]toluene, 373 K): �� 0.16 (s, 6H;
SiCH3), 0.42 (s, 36H; Si(CH3)2), 2.15 (s, 18H; CH3C6H4), 6.62 (d, 3JH,H�
7.5 Hz, 12H; H2, 6 of CH3C6H4), 6.74 ppm (d, 3JH,H� 7.5 Hz, 12H; H3, 5 of
CH3C6H4); {1H}13C NMR (62.90 MHz, [D8]toluene, 291 K): ���15.0
(SiCH3), �14.9 (SiCH3), �14.5 (SiCH3), 1.9 (Si(CH3)2), 3.4 (Si(CH3)2), 4.4
(Si(CH3)2), 6.2 (Si(CH3)2), 20.5 (CH3C6H4), 20.7 (CH3C6H4), 124.3, 127.1,
129.5, 129.8, 129.9, 130.3, 130.8, 131.8, 132.6, 146.4, 147.8, 150.8 ppm
(aromatic tolyl-C); {1H}13C NMR (62.90 MHz, [D8]toluene, 363 K): ��
�14.9 (SiCH3), 3.8 (br, SiCH3), 20.7 (CH3C6H4), 125.7 (br), 130.9 ppm
(aromatic carbons); {1H}29Si NMR (49.69 MHz, [D8]toluene, 291 K): ��
�97.8 (SiCH3), �88.9 (SiCH3), �87.7 (SiCH3), �7.2 (Si(CH3)2), �1.9
(Si(CH3)2), 1.1 (Si(CH3)2), 5.0 (Si(CH3)2); {1H}119Sn NMR (93.3 MHz,
[D8]toluene, 295 K): ���22.2, �142.7; {1H}113Cd NMR ([D8]toluene,
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295 K): 310, 201; elemental analysis calcd for C56H84CdN6Si8Sn2 [1415.80]:
C 47.51, H 5.98, N 5.94; found: C 47.64, H 6.07, N 5.88.


[(MeSi{SiMe2N(p-Tol)}3Sn)2Zn] (4): Colorless crystals, yield: 403 mg
(57%); 1H NMR (250.13 MHz, [D8]toluene, 323 K): �� 0.00 (s, 3H;
SiCH3), 0.02 (s, 6H; Si(CH3)2), 0.05 (s, 6H; Si(CH3)2), 0.24 (s, 3H; SiCH3),
0.30 (s, 6H; Si(CH3)2), 0.53 (s, 18H; Si(CH3)2), 2.12 (s, 3H; CH3C6H4), 2.16
(s, 6H; CH3C6H4), 2.23 (s, 9H; CH3C6H4), 6.71 ± 7.09 ppm (m, 24H,
CH3C6H4); {1H}13C NMR (62.90 MHz, C6D6, 323 K): ���15.0 (SiCH3),
�14.5 (SiCH3), 2.2 (Si(CH3)2), 4.3 (Si(CH3)2), 5.3 (Si(CH3)2), 20.66
(CH3C6H4), 20.68 (CH3C6H4), 20.71 (CH3C6H4), 117.3, 125.6, 127.2, 129.5,
129.9, 130.2, 130.6, 132.2, 133.2, 145.8, 147.2, 150.6 ppm (aromatic carbons);
{1H}29Si NMR (49.69 MHz, [D8]toluene, 291 K): ���98.2 (SiCH3), �88.2
(SiCH3), �6.1 (Si(CH3)2), 0.5 (Si(CH3)2), 6.0 (Si(CH3)2); {1H}119Sn NMR
(149.18 MHz, [D8]toluene, 291 K): ���153.5 (N3-Sn), �91.2 (N3-Sn-
ZnN2); elemental analysis calcd (%) for C56H84N6Si8Sn2Zn ¥ 0.5C6H5CH3


(Mr� 1414.84): C 50.51, H 6.27, N 5.94; found: C 50.55, H 6.41, N 5.91.


X-ray crystallographic study


The X-ray diffraction data were collected with a Nonius KappaCCD
diffractometer using MoK� radiation (�� 0.71073 ä) with a Collect data
collection program.[20] The Denzo-Scalepack program package[21] was used
for cell refinements and data reduction. The structures 2 and 4 were solved
by direct methods by using the SIR97[22] with the WinGX[23] graphical user
interface. Structure 3 was solved by the Patterson method by using the
DIRDIF-99 program.[24] A multiscan absorption correction based on
equivalent reflections (XPREP in SHELXTL version 6.12)[25] was applied
to all data (Tmax/Tmin were 0.38729/0.25607, 0.33751/0.30057 and 0.38284/
0.32612 for 2, 3, and 4 respectively). Structures were refined against F 2


using the SHELXL97 program.[26] All hydrogen atoms were placed in
idealized positions and constrained to ride on their parent atom. The


asymmetric unit of 4 contains half a molecule of toluene. The solvent
molecule is disordered around the center of symmetry. Carbon atoms of the
toluene molecule were refined isotropically with equal Uiso and with fixed
carbon ± carbon distances. The crystallographic data are summarized in
Table 1.
CCDC-179103 (2), CCDC-179104 (3), and CCDC-179105 (4) contain the
supplementary crystallographic data (excluding structure factors) for the
structures reported in this paper. These data can be can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Methane Activation and Oxidation in Sulfuric Acid


Alain Goeppert,[a] Peter Dine¬r,[b] Per Ahlberg,[b] and Jean Sommer*[a]


Abstract: The H/D exchange observed
when methane is contacted with D2SO4


at 270� 330 �C shows that the alkane
behaves as a � base and undergoes rapid
and reversible protonation at this tem-
perature. DFT studies of the hydrogen
exchange between a monomer and a
dimer of sulfuric acid and methane show
that the transition states involved in the
exchange are bifunctional, that is one
hydrogen atom is transferred from a
hydroxy group in sulfuric acid to meth-
ane, while one hydrogen atom is ab-


stracted from methane by a non-hy-
droxy oxygen atom in sulfuric acid. All
the transition states include a CH5


moiety, which shows similarities to the
methanium ion CH5


�. The calculated
potential activation energy of the hydro-
gen exchange for the monomer is
174 kJmol�1, which is close to the ex-


perimental value (176 kJmol�1). Solva-
tion of the monomer and the transition
state of the monomer with an extra
sulfuric acid molecule, decrease the
potential activation energy by
6 kJmol�1. The acid ± base process is in
competition, however, with an oxidative
process involving methane and sulfuric
acid which leads to CO2, SO2, and water,
and thus to a decrease of acidity and loss
of reactivity of the medium.


Keywords: density functional calcu-
lations ¥ H/D exchange ¥ methane ¥
oxidation ¥ sulfuric acid


Introduction


Methane, a principal component of natural gas, is an abundant
hydrocarbon resource that is mainly used as a relatively
inexpensive and clean burning fuel. Because of the enormous
proven reserves of natural gas in the world (1.4� 1014 m3),[1]


there is a strong economic incentive to develop a process that
would convert methane into more valuable chemicals and
fuel. The quest for such a process and the associated scientific
challenge has stimulated a large amount of research in the last
few decades on methods for direct conversion of methane into
ethylene, methanol, formaldehyde, etc. However since meth-
ane is a very stable molecule, its activation is much more
difficult than for other saturated hydrocarbons. Recently,
most of the efforts have focused on the oxidative coupling of
methane initiated by homolytic cleavage of a C�H bond.[2±4]


High temperatures of usually more than 700 �C are required.
However, Periana et al.[5] found that methane can be con-


verted into a methanol derivative in more than 70% yield for
one cycle on a platinum-based catalyst in concentrated
sulfuric acid between 180 �C and 200 �C. Another approach
is electrophilic activation which relies on the � basicity of the
C�H bond, that is, its ability to react with strong electrophiles.
Olah et al. have reported that the reaction of methane in a 1/1
FSO3H/SbF5 solution (superacid) at 80 to 140 �C leads to the
formation of higher molecular weight hydrocarbon ions such
as tert-butyl and tert-hexyl cations by protolytic condensa-
tion.[6, 7] In this medium, but also in HF/SbF5,[8] H/D exchange
in methane was observed. This suggests that in superacidic
solutions, methane indeed behaves as a base. The methanium
ion, CH5


�, was suggested either as an intermediate or
transition state accounting for the hydron exchange. As
sulfuric acid with an H0 of �12[7] is on the borderline between
conventional acids and superacids, we found it of interest to
investigate the probability of H/D exchange and reaction of
methane in D2SO4 both theoretically and experimentally in
the range between 270 and 330 �C.


Experimental Section


D2SO4 98 wt% solution in D2O, 99.5 atom% D from Aldrich was used
without further purification. Methane N35 was purchased from Messer.


Procedures : The reaction between methane and deuterated sulfuric acid
was performed in an all-glass, grease-free recirculation set-up. D2SO4 (6 g,
0.06 mol; 99.5% D) was introduced in the reactor and heated to 200 �C.
The system was carefully evacuated and methane (80 mL, 0.00357 mol)
introduced. The temperature was then rapidly but precisely increased to
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the desired temperature in the range 270� 330 �C and methane bubbled at
a rate of 10 mLmin�1 (0.00045 molmin�1) through the acid. Deuteration
and formation of by-products were monitored by GC-MS as a function of
time.


The same experimental procedure was used for the reaction of CO in
D2SO4.


Mass spectrometry : MS analysis was performed on a Carlo-Erba QMD-
1000 spectrometer with a JSW Scientific DB 624 column (�� 0.25 mm,
film 1.4 �m, l� 30 m). The concentration of methane isotopologues
(CHxD4�x with�� 0 ± 4) must be related to the intensity of their respective
molecular ion peaks analyzed by GC-MS. To determine the contribution of
each methane isotopologue to the mass spectra, a correction is needed due
to the superposition of various fragmentation peaks. The correction
method is based on the work of Schoofs and co-workers,[9] namely the
degree of fragmentation for all the methane isotopologues is supposed to
be the same. The fragmentation pattern of unreacted methane was used as
a reference. Once the concentration of the different isotopologues was
known, the amount of deuterium incorporated into methane could be
calculated and consequently the exchange rate.
The analysis of hydrocarbons was performed on a Girdel 300 with a FID
detector using packed column HAYESED R (�� 1/8∫, l� 2 m). Helium
was used as a carrier gas. The concentration of hydrogen was determined on
an Intersmat IGC 112M provided with 5 ä molecular sieve. Argon was
employed as a carrier gas. The results of our analysis were computed on a
Delsi Instruments ENICA 21 recorder integrator.


Computational details : Reactants and transition states were optimized at
B3LYP/6 ± 311�G(d,p)[10±13] and B3LYP/6 ± 311��G(3df,2p)[14] levels of
theory as implemented in Gaussian
98.[15] All structures were character-
ized as minima or saddle points on the
potential energy surface (PES) by use
of the sign of the eigenvalues of the
force constant matrix obtained from
frequency calculations. The imaginary
frequencies of the transition states
were confirmed to correspond to the
right motion on the PES by a mode
analysis. Intrinsic reaction coordinate
(IRC) calculations[16, 17] of 24 points,
followed by geometry optimizations
were performed to connect the tran-
sition state with reactant and product
at the B3LYP/6 ± 311�G(d,p) level of
theory. The B3LYP/6 ± 311�G(d,p)
and B3LYP/6 ± 311��G(3df,2p) lev-
els of theory were chosen since a
previous investigation[18] at B3LYP/
6 ± 311��G(2d,2p) level reproduced
high-level results of the geometry of
sulfuric acid and studies[19] of the gas-
phase acidities at B3LYP/6 ± 311�
G(d,p) and B3LYP/6 ± 311�G(3df,3pd) had shown good agreement with
experimental results. The energies and geometries in the text refers to the
B3LYP/6 ± 311��G(3df,2p) level of theory if not otherwise stated.


Results and Discussion


H/D exchange of methane in D2SO4


Experimental study : H/D exchange reactions on small
alkanes is a very useful tool to gain insight into mechanisms
of alkane activation in acidic media. In our work in recent
years, we noted that depending on the acidity, the H/D
exchange in superacids occurred either by reversible proto-
nation of the alkane in the strongest acids such as HF/
SbF5


[20, 21] or through reversible deprotonation of carbenium
ions in weaker superacids such as HSO3F,[22] CF3SO3H,[23] and


solid acids. For these studies we found that isobutane is a
convenient model as the main reaction, isotope exchange, is
accompagnied by a negligible contribution of cracking. In DF/
SbF5, in agreement with the formation of carbonium ion
intermediates, the reversible protonation occurs on all C�H
bonds and contrasts markedly with the H/D exchange
observed in D2SO4


[24, 25] or triflic acid[23] in which case the
methine proton is not exchanged. In these weaker acids, after
activation by oxidation, H/D exchange takes place by
deprotonation of the tert-butyl cation and reprotonation of
isobutene. As the last step is a hydride transfer, the methine
proton cannot be exchanged. Nevertheless, if we use methane,
the oxidation is more difficult.
As the formation of carbonium ions from alkanes is a


typical reaction for superacids, methane is not predicted to
undergo H/D exchange in D2SO4, the strongest ™conven-
tional∫ acid. Nevertheless, when methane was allowed to
react with a large excess of boiling D2SO4 (338 �C), extensive
H/D exchange was observed. The methane isotopologue
distribution (mol%) after mass spectral corrections is pre-
sented in Figure 1 as a function of time. It can be seen that the
mono-, bis-, ter-, and perdeuterated isotopologues of methane
are formed in a consecutive reaction pathway. The concen-


tration of CH4 decreases gradually with time, whereas the
concentration of deuterated products increases. Similar
features were observed not only in DF/SbF5


[26] but also on
deuterated solid acids such as zeolites[9] and sulfated zirco-
nias,[27] which are capable of exchanging protons in methane,
albeit at higher temperature (300 ± 500 �C).
The exchange rate between methane and deuterated


catalysts is determined in the following way: The amount of
deuterium in methane is obtained from mass spectrometric
analysis at various time intervals. The rates are then expressed
as moles of H replaced by D per mole of methane per unit of
time (s�1), which correspond to the slopes of the lines in
Figure 2; the maximum value is 4. At temperatures up to
250 �C, no H/D exchange was observed under our conditions.
However between 270 and 315 �C the observed rate constant
of deuterium incorporation into methane increased steadily
(Figure 2) going from 4.21�10�6 s�1 at 270�C to 8.41�10�5 s�1 at


Figure 1. Distribution of the methane isotopologues [%] as a function of time in boiling D2SO4 (338 �C).
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Figure 2. Average number of moles of D per mol of CH4 versus time at
different temperatures.


315 �C. This means that after reaction at 315 �C for 4 h, 30% of
the protons have been exchanged by deuterons in methane.
The apparent activation energy for the H/D exchange of
methane was estimated to be 176 kJmol�1 from the slope of
the Arrhenius plot (Figure 3). The activation energy is much


Figure 3. Arrhenius plot for the H/D exchange of methane in D2SO4


higher than the values obtained previously in the very strong
superacid H(D)F/SbF5. In a recent study of methane reac-
tivity in DF/SbF5 (15 mol% SbF5) at �20 �C, we[26] found a
free energy of activation of 78.6 kJmol�1 for this reaction. In
the late 1960s Hogeveen and co-workers[8] reported an
activation energy of 75 kJmol�1 for the inverse reaction of
dedeuteration of CH3D in HF/SbF5 at high pressure (7 atm)
over a temperature interval from �10 �C to 25 �C. This
apparent activation energy for the H/D exchange reaction
between methane and D2SO4 is also substantially higher than
on zeolites (120 to 150 kJmol�1)[9, 28, 29] and different sulfated
zirconias (93 to 96 kJmol�1).[27]


Computational results : To better understand the isotope
exchange process observed experimentally, we have also
investigated the hydrogen exchange between sulfuric acid (1)
and methane (3) computationally. To model the solvation we
have also investigated the hydrogen exchange in methane
with the sulfuric acid dimer (2) (Figure 4).


Figure 4. Geometries of sulfuric acid (1), dimer of sulfuric acid (2),
methane (3), a complex between methane and sulfuric acid (4), and a
complex between methane and dimer of sulfuric acid (5) at the B3LYP/6 ±
311��G(3df,2p) level of theory.


According to the DFT calculations, methane forms a weak
complex (4) with sulfuric acid (Figure 4). The reaction
potential energy of the complex is �4.6 kJmol�1 on the
B3LYP/6 ± 311��G(3df,2p) potential energy surface. Inclu-
sion of the zero-point energy and temperature correction
gives an reaction enthalpy of 0.4 kJmol�1.
Both monofunctional and bifunctional transition states for


the hydrogen exchange were investigated. In the monofunc-
tional transition state (TS2), the exchange of protons takes
place using a single oxygen atom in sulfuric acid, that is one
hydrogen atom is transferred to the carbon atom in methane
from one of the oxygen atoms in sulfuric acid, while another
proton from methane is transferred to the same oxygen atom
in sulfuric acid (Figure 5). In the bifunctional transition state
(TS1), on the other hand, one hydrogen atom is tranferred
from a hydroxy group in sulfuric acid to methane, while a
hydrogen atom is abstracted from methane by a non-hydroxy
oxygen atom in sulfuric acid (see Figure 5).
In the bifunctional transition state, the hydrogen atoms in


flight are closer to the carbon atom (C�H 1.284 ä) than to the
oxygen atom (O�H 1.418 ä) and the H�H distance is 1.167 ä
(Figure 5). A comparison of the CH5 part of the transition
state structure with free CH5


�, calculated at the B3LYP/6 ±
311��G(3df,2p) level of theory, shows that C�H bonds and
the H�H bond in the bifunctional transition state structure
TS1 are 0.120 and 0.169 ä longer, respectively, than in the free
CH5


� ion (Figure 5). The similarity with CH5
� indicates that


the bifunctional transition state has some carbonium charac-
ter. The calculated activation potential energy for the hydro-
gen exchange, relative to free methane and a monomer of
sulfuric acid, is 174 kJmol�1 (Table 2). The experimentally
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determined activation energy is 176 kJmol�1. However the
fact that these values are extremely close is fortuitous as we
should keep in mind that the theoretical approach does not
completely take into account all the parameters controlling
the interactions in the condensed state. On the other hand, the
experimentally determined activation energy does not con-
sider the difference of methane solubility in D2SO4 at various
temperatures. Inclusion of the zero-point energy and temper-
ature correction (298 K) gives an activation enthalpy of
159 kJmol�1. The activation enthalpy for the reaction of the
isotopologue molecules D2SO4 and deuterated TS1 is calcu-
lated at the B3LYP/6 ± 311�G(d,p) level of theory to be
2.9 kJmol�1 higher than for the corresponding protium
compounds.
In the monofunctional transition state TS2, the C�H


distances and the H�H distance are 1.23 and 0.93 ä,
respectively, that is 0.054 and 0.237 ä, respectively, shorter
than in the bifunctional transition state. The H�H distance in
the monofunctional transition state is 0.058 ä shorter, and the
C�H distances 0.048 ä longer than the corresponding dis-
tances in CH5


� (Figure 5). Thus the cationic part of the
monofunctional transition state is more CH5


�-like than that in
the bifunctional transition state. The activation potential
energy for the monofunctional hydrogen exchange reaction is
251 kJmol�1, which is 77.4 kJmol�1 higher than for the bifunc-
tional transition state (Table 2). Thus the reaction path via the


monofunctional activated com-
plex is probably not used for the
hydrogen exchange.
Sulfuric acid is a media that


can form strong intermolecular
hydrogen bonds. To study the
solvation effect upon the reac-
tivity in the hydrogen exchange
between methane and sulfuric
acid, sulfuric acid in the initial
state and the transition state
was solvated by another sulfuric
acid molecule. The solvated
monomer, that is the dimer 2,
is found to be held together by
three hydrogen bonds (Fig-
ure 1) and the corresponding
potential energy stabilization
is �59.0 kJmol�1, compared to


two monomers of sulfuric acid. The distances in the dimer
resembles the corresponding ones in the monomer, but with
some deviations due to the hydrogen bonding (see Figure 4).
Similar to the monomer of sulfuric acid, its dimer forms a


weak complex with methane (5), which is stabilized by
5.9 kJmol�1 compared to free methane and the dimer of
sulfuric acid on the potential energy surface. The structure of
the bifunctional activated complex for the dimer, (TS3), is
similar to the bifunctional activated complex with the mono-
mer of sulfuric acid, TS1. The C�H and the H�H distances in
TS3 are slightly shorter (0.016 and 0.026 ä, respectively) than
in the TS1. The O ¥¥¥H distances, on the other hand, for the
bifunctional dimer transition state are 0.040 ä longer than for
the bifunctional transition state with the monomer. The
calculated activation potential energy for the hydrogen
exchange with the sulfuric acid dimer is 168 kJmol�1 (Ta-
ble 2), that is slightly lower than for the monomer.
The geometries of the bifunctional transition states of both


the monomer (TS1) and the dimer (TS3) closely resemble the
transition state previously found for hydrogen exchange with
zeolite clusters.[29] The computationally determined activation
potential energy (174 kJmol�1 for the monomer) for the
hydrogen exchange between sulfuric acid and methane is
higher than the recently reported calculated activation
potential energy (124 ± 137 kJmol�1)[29] for the zeolite cluster


Figure 5. Geometries of the hydrogen exchange transition states TS1 and TS2 and TS3 at the B3LYP/6 ± 311��
G(3df,2p) level of theory.


Table 1. Absolute energies (E) and enthalpies (H) of the calculated
structures at the B3LYP/6 ± 311�G(d,p) and B3LYP/6 ± 311��G(3df,2p)
level of theory.


B3LYP/6 ± 311�G(d,p) B3LYP/6 ± 311��G(3df,2p)
E [Hartree] H [Hartree] E [Hartree] H [Hartree]


1 � 700.33901 � 700.29457 � 700.42940 � 700.38414
2 � 1400.70313 � 1400.61200 � 1400.88129 � 1400.78876
3 � 40.53393 � 40.48558 � 40.53680 � 40.48842
4 � 740.87469 � 740.78000 � 740.96800 � 740.87242
5 � 1441.23930 � 1441.09787 � 1441.42031 � 1441.27743
TS1 � 740.80469 � 740.71781 � 740.89975 � 740.81174
TS2 � 740.77720 � 740.68929 � 740.87015 � 740.78132
TS3 � 1441.17157 � 1441.03773 � 1441.35401 � 1441.21853


Table 2. Relative energies (��E0 K) and enthalpies (��H298.15 K) of the
calculated structures at the B3LYP/6 ± 311�G(d,p) and the B3LYP/6 ±
311��G(3df,2p) level of theory.


B3LYP/6 ± 311�G(d,p) B3LYP/6 ± 311��G(3df,2p)
��E [kJmol�1] ��H [kJmol�1] ��E [kJmol�1] ��H [kJmol�1]


1 � 3 0.0 0.0 0.0 0.0
4 � 4.60 0.40 � 4.60 0.38
TS1 179 164 174 160
TS2 250 238 252 239
2 � 3 0.0 0.0 0.0 0.0
5 � 5.86 � 0.75 � 5.86 � 0.63
TS3 172 157 168 154
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with inclusion of a Madelung potential. On the other hand,
other computational studies[30] at the CISD/6 ± 31G(d,p) level
of theory using a smaller zeolite cluster has given an activation
potential energy of 174 kJmol�1.
To compare the change in reactivity due to solvation, the


reactants have to be on the same potential energy surface. By
adding an extra non-solvating sulfuric acid molecule both to
the reactants and the transition state, the monomer and the
dimer cases are energetically comparable.
On solvation of the transition state of the monomer with an


extra sulfuric acid molecule, the transition state of the dimer is
stabilized by 59.5 kJmol�1, compared to the monomer tran-
sition state plus free sulfuric acid (TS1�1) (Figure 6). The


Figure 6. Enthalpy diagram of monomer 1 and dimer 2 of sulfuric and the
hydrogen exchange transition states TS1 and TS3.


Gibbs free energy stabilization of the monomer is
�5.64 kJmol�1. The solvation of the monomer transition
state is effected in a similar way as the monomer of sulfuric
acid, that is the stabilization free energy is decreased to
�12.9 kJmol�1 due to solvation, which give a total lowering of
the Gibbs free activation energy of 7.31 kJmol�1.
The hydrogen exchange between methane and other acidic


species, such as H3O�,[31] H2F�(HF)n,[26] SbF5/HF,[32] Sb2F11/
HF,[33] and zeolites,[29] have previously been investigated
theoretically (Figure 7). The protonating species are both
neutral and cationic species and the charge influences the
structure of the exchange transition state. The structures of
the CH5


� part of cationic transition states, that is H3O� and
H2F�(HF)n, are similar to the structure of the free methanium
CH5


� ion.


Secondary reactions of methane oxidation in D2SO4


Catalyst deactivation : When the same D2SO4 is used several
times, we can observe a slower deuteration rate for methane
(Table 3) the extent of which cannot be assigned to isotopic
dilution. At 315 �C, three consecutive runs of 8 h duration
show that the initial rate of deuteration observed in the first
run is about 60 times faster than in the third one. This cannot


be attributed to a depletion of deuterium in the catalyst
because even after the last run less than 10% of the D2SO4


deuterium have been exchanged based on methane deutera-
tion. In all experiments, no presence of hydrogen or higher
alkanes–a sign of methane oligomerization–was found by
GC, but SO2 and CO2 were detected by mass spectrometry,
which arose from the reduction of D2SO4 and the oxidation of
methane, respectively. For the formation of these species, we
suggest a reaction similar to the one proposed for the
activation of isobutane in H2SO4


[34] [Eq. (1)]. The production
of six molecules of water [Eq. (2)] during CO2 and SO2


formation could explain the loss in activity of the catalyst.
The deactivation can thus be rationalized by the accumulation
of water in the acid and the corresponding decrease in acidity.
This is also in line with the acid ± base character of the H/D
exchange reaction under these conditions.


Formation of CO2 and SO2: The
formation of CO2 from CH4


attests an oxidation reaction
parallel to the H/D exchange
reaction. Activation of meth-
ane in sulfuric acid has been
described by using radical ini-
tiators such as PdSO4 or
HgSO4


[35] or platinum com-
plexes[5] but never in neat
H2SO4. For this reason we
found it of interest to study
the oxidation reaction, not only
qualitatively, but also quantita-
tively. The rate of CO2 forma-
tion was measured by compar-


Figure 7. Previously investigated transition states for hydrogen exchange in methane: a) zeolites,[29] b) SbF5/
HF,[32] c) H3O�,[31] d) H3F2


�.[26]


Table 3. Observed deuteration rate constants of methane in reused D2SO4


at 315 �C.


Run Deuteration rate constant [s�1]


1 8.41� 10�5


2 1.07� 10�5


3 1.28� 10�6







FULL PAPER J. Sommer et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0814-3282 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 143282


ing the MS parent peak of CO2 (m/z 44) with the peak m/z 40
of argon used as internal standard. This rate was found to be
the same as the rate of decrease of the methane peak (m/z 12
to 20 considering all the isotopologues and their fragmenta-
tion). In Figure 8, we compare the oxidation reaction with the
deuteration of methane in boiling D2SO4. We can see that the
H/D exchange rate constant (1.50�10�4 s�1) is about 5.2 times
faster than the rate of oxidation (2.85� 10�5 s�1). Interestingly,
the same ratio was also observed at 270 �C. On the other hand,
the formation of SO2 was also monitored by using the peak
m/z 48 representing SO� and comparing this one to the
internal m/z 40 argon reference peak. We can see from
Figure 8 that the rate of SO2 formation is about four times
faster than the rate of CO2 formation. This means that for
each molecule of CO2 we have at the same time four
molecules of SO2 appearing in the system. These results are
in agreement with Equation (2), in which the same ratio of
1CO2:4SO2 appears. The large amount of water formed during
the oxidation reaction, six molecules for each methane
molecule, may explain the observed deactivation of the
catalyst.


Figure 8. Deuteration and oxidation of methane in boiling D2SO4


(338 �C)


Oxidation of CO to CO2 in sulfuric acid : In the reaction of
methane with D2SO4, no carbon monoxide was detected. This
could be due to the fact that no partial oxidation was taking
place or, that the oxidation reaction of CO to CO2 was too fast
to be observed. For this purpose it was interesting to study the
reaction of carbon monoxide in sulfuric acid. Figure 9 shows
the conversion of CO into CO2 versus time at 315 �C inH2SO4.
The sulfuric acid oxidized rapidly CO into CO2 and after 4.5 h
95% of CO was converted to CO2. If we assume that we are
dealing with a pseudo-first-order reaction, owing to the large
excess of sulfuric acid, the rate constant estimated for this
reaction is 1.51� 10�4 s�1, which is about two times faster than
the deuteration of methane at the same temperature and 10
times faster than the oxidation of methane to CO2. At the
same time we observed, as in the reaction of methane, the
formation of sulfur dioxide. In this case, however, the rate of


Figure 9. Oxidation of CO to CO2 in D2SO4 at 315 �C (mol% of CO/(CO�
CO2)).


formation of SO2 and CO2 were found to be approximately
the same. This suggests the formation of only one molecule of
SO2 per CO2 molecule. Consequently, the reaction could be
described most simply by Equation (3) in which H2SO4 reacts


with CO to form CO2, SO2, and H2O. This equation was
already proposed by Milbauer et al.[36] who observed at the
beginning of this century that oxidation of CO does not occur
to any appreciable extent below 200 �C. This reaction can
however, be promoted by catalytic amounts of a large number
of metals.
The fact that sulfuric acid oxidizes CO to CO2 under our


conditions is interesting per se but does not allow us to
establish whether CO is a reaction intermediate in the
formation of CO2 as the reaction mechanism is still unknown.


Conclusion


Methane undergoes reversible protonation in sulfuric acid at
270 ± 330 �C. This process competes with an oxidative process
that yields CO2, SO2, and water, which slowly decreases the
acidity of sulfuric acid. This indicates that methane behaves as
a � base even in concentrated sulfuric acid. The DFT
calculations show that the exchange process may be of a
bifunctional acid ± base type with a transition state containing
a CH5 part, which shows similarities to CH5


�.
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